































































































































































































































































































the Al window. These patches often coincide with areas of high concentration in the
potassium window. High-concentration aluminum and potassium patches vary in shape,
some are distinctly thin and elongate, suggesting large muscovite flakes, while others
occur in a blocky, irregular texture, suggesting an aggregation of illite. There are some
patches dominated by aluminum and magnesium, indicating chlorite-rich areas. Iron is
consistently present throughout the clay in low concentration. Few higher concentration
iron patches coincide with magnesium-rich occurrences, indicating chlorite. No calcite
cement (Ca) is present in this scan.

Figure 6.10 is a combination map of the scan in figure 6.9. Large muscovite
flakes are visible and denoted by thin, elongate areas of aluminum and potassium
occurring together (yellow). Irregular illite-dominated blocks are common in this image
and are surrounded by quartz grains.

Figure 6.11 (JG-3-1a) contains quartz grains scattered throughout the scan which
are visible in the Si window. Some Blocky aluminum-rich patches are present in the Al
window that coincide with potassium rich areas. Large, elongate patches of aluminum,
magnesium, and iron occur together and indicate individual chlorite flakes. Some
irregular patches of low-concentration iron occur in areas coinciding with the aluminum
rich areas. This slide is well cemented with calcite, evident by the even concentration of
calcium throughout the Ca window. Large hematite grains are present and visible as high
iron concentration.

Figure 6.12 (JG-2-2) contains large angular quartz grains, visible in the Si
window. Angular grains with very high potassium and moderate aluminum

concentrations are indicative of feldspar grains. Aluminum and potassium occur together
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in irregular10-20 ppatches, implying aggregates of illite. There are some patches that are
mainly composed of aluminum and magnesium, indicating chlorite-dominated patches.
Calcite cement is present between the quartz and feldspar grains, and iron is present
throughout the clay-dominated areas of the scan. A single elongate, high concentration

iron patch indicates a hematite grain.

6.4.2 Summary of Elemental Mapping Results

The difference between quartz- and clay-rich areas is apparent when looking at
any of the elemental maps in this study. Clay-rich areas are dominated by aluminum,
potassium, and magnesium, whereas quartz grains are dominated by a high concentration
of silicon. Distinctly elongate clay-rich areas imply individual clay flakes and not
aggregates of clay. Aluminum and potassium occurring together in blocky, irregular
patches is indicative of aggregated illite. Aluminum-, magnesium-, and iron-rich areas are
indicative of areas dominated by chlorite. The lack of circular shape in the clays is most
likely the result of aggregates having diffuse boundaries when viewed at such small scale,
and may also indicate that the non-aggregated matrix material is similar in composition to
that of the mud aggregates. There does, however appear to be a clotted texture of clays
with high aluminum and potassium concentration in many of the scans, indicating
irregular aggregates of illite 10-20 pin size. This probe data supports thin-section and
ESEM observations, which have imaged aggregates directly.

It has been mentioned in earlier chapters (Ch. 2 and 5) that calcite cement plays a
role in the preservation of mud aggregates during burial. Little has been said to this point

on the presence of iron and how it can work as a cementing material. Hematite, goethite,
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and other iron oxides are common cementé in upper horizons of soils and are particularly
common in acidic, sandy soils (Retallack, 2001). Extensive cementation of red beds
occurs as a result of iron-bearing minerals becoming oxidized during burial. All of the
microprobe scans tend to show an even distribution of iron throughout the clay rich
sediment. Therefore, accumulation of ferruginous materials may actually have been an

important contributing factor in mud aggregate preservation.
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7.0 Discussion
7.1 Aggregate distribution and preservation in the Boss Point and Little River
formations

The best preserved mud aggregates in thin section correspond with the calcrete,
rubbly mudstone, and small channel body facies previously. described in chapter 4.
Calcrete facies are an ideal type of deposit for finding well preserved mud aggregates in
the sedimentary record for several reasons: calcretes form in sedimentary deposits under
the influence of pedogenic processes, processes that are also necessary for mud aggregate
formation. Calcretes form in the same arid to semi-arid climatic conditions that produce
shrinking and swelling soils necessary for the formation of mud aggregates. The defining
characteristic of a calcrete is the amount of secondary carbonate, specifically in the form
of calcite cement, in the paleosol. This secondary carbonate adds stability to the
aggregates by preventing or significantly reducing compaction during burial of the
sediment.

Mudstone deposits, specifically the rubbly mudstone facies, generally display the
aggregate texture better than the sandstone and siltstone deposits of the Boss Point and
Little River formations. The rubbly nature of the mudstone may imply that it originally
formed through the accumulation of detrital mud fragments. In some of the best
preserved mudstone samples, entire portions of the rock are composed almost completely
of dispersed aggregated mud. Other mudstone samples contain a high proportion of
aggregates, but also contain significant amounts of fine quartz and feldspar grains.
Essentially, more mud aggregates are found in the mudstone deposits because this is

where the aggregates originally formed. Floodplain muds were sometimes reworked
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during gentle overbank floods, leading to the development of small-scale stratification of
the mud aggregate-rich sediment.

Mud aggregates are also well preserved within the small channel body facies,
which is composed mainly of silt and very fine sand. The proportions of mud aggregates
are much lower than in the mudstone deposits and the aggregates tend to be more
dispersed. Mud aggregates in sandstone and siltstone represent mud or mudstone
fragments that have been reworked from floodplain mud. The lower proportion and
scattered distribution of the aggregates is a product of both the reworking of loose
aggregates and the erosion of consolidated mud fragments. Floods that brought sand and
silt onto the floodplain and transported the aggregates into active fluvial channels were
aggressive flooding events. During these floods some aggregates would have become
worked into the coarser sediment and some fragments would have been eroded and
transported into more distant deposits. Essentially, mud aggregates are foreign bodies to
- anything other than floodplain mudstone, so their presence should be limited and
distribution more dispersed in sands and silts than the floodplain muds.

In all of the identified facies, preservation of mud aggregates is related to a
combination of factors. Both X-ray diffraction and electron microprobe techniques
(chapter 6) indicate the presence of calcite particles and calcite cements in varying
amounts. In some samples, nearly 20% of the material is calcite, whereas other samples
have very little. Calcite cement is known to preserve delicate sedimentary structures (e.g.
burrows), but lack of calcite in some Boss Point samples implies that it is not the only
force at work protecting the mud aggregates. XRD analysis shows that hematite ranges

from approximately 6-20% of the samples and that mudstone samples tend to have higher
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hematite concentrations than siltstone samples. Elemental maps from electron microprobe
analysis show iron as being a consistently distributed element throughout all of the
analyzed samples. Iron is evenly distributed throughout the clay-rich portions of the
elemental maps, even more so than calcite. This consistent iron concentration suggests
that hematite crystallization may play a significant role in aggregate preservation within
the rock record of the Boss Point Formation. Evidence exists for extensive cementation of
red beds by oxidation of iron-bearing minerals during burial, although the timing of
oxidation could be either during soil formation or during burial (Retallack, 2001).
Reddening of ferric hydroxides in clay-rich paleosols during shallow burial is likely.
Deep burial oxidation is less likely because associated paleochannel sands have largely
remained unoxidized.

Of the three sites studied in this project, the measured section of site 2 has been
found to contain the most abundant and best preserved mud aggregates. Site 1 has been
the least productive, with very few aggregates having been identified in thin section. The
main difference between the three sites is the proportion of floodplain muds within each
location. Site 2 is dominated by floodplain mudstone and small floodplain channel bodies
composed of siltstone. The studied interval at site 1, on the other hand, focuses mainly on
the large, sandstone channel body and siltstone crevasse splay deposits. Minor floodplain
muds were present but not studied in detail. Site 3, found in the Little River Formation, is
different from the previously mentioned locations in that it is entirely composed of coarse
sediment, forming large channel sandstone bodies. This site experienced rapid and flashy

flow conditions, and clasts composed of aggregated mud and siltstone were eroded,
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transported, and deposited along with the coarse sand. Mud fragments preserved in this

sandstone may have traveled a great distance before final deposition.

7.2 Aggregates in the Cumberland Basin

The Boss Point and Little River formations are not the first formations in the
Cumberland Basin to yield pedogenic mud aggregates. The mid-Carboniferous
Maringouin Formation, found to contain mud aggregates by Rust ahd Nanson (1989), is
located on the Maringouin Peninsula, Chignecto Bay, New Brunswick and on the
Cumberland Bay shore of Nova Scotia. Aggregates in the Maringouin Formation are
larger than aggregates found in the Boss Point and Little River Formations. Aggregates
are up to 10 times larger than the quartz grains with which they occur and were only
preserved in sandstone deposits. Lack of aggregate texture in the mudstone of this
formation was attributed to loss of structure during burial and compaction of the mud.
Data on the bulk composition and cementing material present in aggregate-bearing
sandstone and non-aggregate bearing mudstone is not provided in the Rust and Nanson
(1989) study. Differences in composition, therefore, can not be assessed in order to
explain the apparent lack of aggregate texture in the mudstone of the Maringouin
Formation. However, cementing material may be present in lower quantities in the
Maringouin Formation than in the Boss Point Formation, reducing the preservation
potential of mud aggregates upon burial.

The Cumberland Basin was a rapidly subsiding basin during the Carboniferous
Period. Miiller et al. (2004) suggested that rapid burial of sediment preserves delicate

sedimentary structures that are destroyed at normal or slow burial rates. Destruction of
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the aggregate texture, as a result of slow burial conditions, has been established within
the floodplain mud of Cooper Creek in central Australia. Rapid subsidence rate of the
Cumberland Basin is likely to have played some role in maintaining the well preserved
aggregates in the floodplain mudstones of the Boss Point Formation.

Plint and Browne (1994) suggested that the Cumberland Basin, specifically the
Boss Point Formation, experienced catastrophic subsidence events as a result of tectonic
activity. The sharp change from braidplain to lacustrine packages, and well preserved
bedform structures at the top of the braidplain units, are evidence of major fault activity
during the deposition of the Boss Point Formation. These catastrophic subsidence events
would have resulted in rapid burial of the floodplain sediments and would have aided
preservation of the aggregate structure. Rapid burial in conjunction with hematite and
calcite cementation may have provided the ideal situation for aggregate preservation in
the Boss Point Formation.

Mud aggregates are well preserved in the channel sandstones of the Maringouin
Formation. Preservation in these units has been attributed mainly to shielding by mineral
grains. A strong mineral framework, as identified in thin section, was also a contributing
factor in protecting the fine aggregates in the siltstones and sandstones of the Boss Point

Formation.

7.3 Paleo-environment and aggregate formation
Previous research into pedogenic mud aggregates has defined a specific set of
environmental conditions where mud will naturally aggregate into small clumps. Studies

by Nanson et al. (1986), Rust and Nanson (1989), Maroulis and Nanson (1996),
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Gierlowski-Kordesch and Gibling (2002), and Miiller et al. (2004), have all identified a
similar set of paleo-environmental conditions in ermations containing the mud aggregate
texture. These conditions and processes of formation, outlined in detail in chapter 2,
include arid to semi-arid climate conditions, shrinking and swelling clays in floodplain
mud, and pedogenic processes having occurred within the mud.

Table 1.1 contains a brief summary of the formations and deposits previously
found to contain pedogenic mud aggregates. From this summary table, a commonality in
the sediment types can be found among the formations. All the studies contain fluvial
sandstone channel bodies, crevasse splay sandstone/siltstone sheets, floodplain mudstone
deposits, and evidence of pedogenic processes. All of the formations were deposited in
arid to semi-arid paleo-climates. Braidplain sequences in the Boss Point Formation fit
into this description. Numerous channels in Boss Point strata experienced regular to
episodic flooding events as a result of the seasonally wet-dry climate, forming extensive
~ floodplain mud deposits. These climatic conditions allowed soils to develop, churn, and
self-mulch during cycles of wetting and drying. Pedogenic processes are evident from
mottled appearance, root traces, plant fragments, and secondary carbonate in many of the
mudstones and siltstones of this formation. Flooding events in the Boss Point Formation
periodically resulted in levee collapse and caused- significant amounts of sediment from
the main channels to spread over the floodplain, depositing sheets of sand and silt. These
floods eventually led to the activation of small floodplain channels and redistribution of
floodplain sediment.

The Boss Point Formation is especially similar to the dryland river system of the

Triassic Lunde Formation, not only in paleo-environment but also in preservation
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mechanism (Miiller et al., 2004). Preservation of aggregates in the Lunde Formation is
attributed to a combination of carbonate cements and rapid burial of sediments. Like the
Boss Point Formation, the Lunde Formation recorded mud aggregates preserved in
floodplain mudstone, making these the only two formations on record to contain well
preserved aggregates in floodplain mudstone deposits. In all other aggregate-bearing
formations studied to date, mud aggregates have only been found preserved in channel
sandstone and siltstone deposits. Ekes (1993) suggested that the original mud aggregate
texture in the mudstone of the Ridgeway Conglomerate Formation was obliterated by
compaction, but cryptic structures and evidence of vertic soil development are evidence
of floodplain hydraulic processes.

Evidence for vertisol development is present within the Boss Point Formation.
Conchoidal weathering, deep desiccation cracks, joint sets, drab mottles, and poor
horizonation are features present at site 2 that can be attributed to paleo-vertisols. Plint
and Browne’s (1994) description of slickensided éurfaces, pseudo-anticlines, and
desiccation cracks within the Boss Point Formation, in conjunction with the structures
found at site 2, provide good indication of vertisol development.

Chemical analysis techniques have shown no evidence of smectite in the
paleosols, and both XRD and EDS analysis show illite as the main clay component.
According to Miiller et al. (2004), only a limited amount of swelling clay is necessary to
form pedogenic mud aggregates. Rust and Nanson (1989) found kaolinite to be the
dominant clay and smectite to be a minor clay component in the middle reaches of the
Cooper Creek floodplain. If smectite was originally present in a quantity great enough to

form pedogenic mud aggregates in the Boss Point Formation, burial and diagenesis may
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have later resulted in smectite alteration to illite. Unfortunately, XRD does not record
minerals that are present in amounts lower than about 5%.

The composition of mudstone deposits and mud aggregates in each previous study
is different, with different clay combinations and clay ratios. Cooper Creek mud is
typically greater than 50% clay, which varies from dominantly smectite with minor
kaolinite to dominantly kaolinite with minor smectite (Nanson et al., 1986; Rust and
Nanson, 1989; Maroulis and Nanson, 1996). The Lunde Formation varies from 70%
smectite/illite to 60% illite and 15% smectite (Miiller et al., 2004). The New Haven
Arkose contains a mixture of illite, smectite, chlorite, and mixed illite/smectite
(Gierlowski-Kordesch and Gibling, 2002). The Hawkesbury Sandstone contains a
mixture of kaolinite/dickite, and mixed-layer species (Rust and Nanson, 1989). The
commonality in most of these studies is the presence of some smectite. According to EDS
analysis, the mud aggregates in the Boss Point Formation are mainly illite in
composition, although, presence of Fe, Mg, Ca, and Ti suggest that other clays are
present in minor quantities within the aggregates. XRD results have identified varying
amounts of chlorite and kaolinite in the Boss Point Formation samples. These two clays
likely form minor constituents of the mud aggregate material. No direct evidence of
smectite is present in the Boss Point aggregates, as in the case of the Hawkesbury
Sandstone.

In all previous studies mentioned, the mud aggregates have been in a similar size
bracket, fine to medium sand sized (100-400 ). In the Boss Point Formation, the
majority of the mud aggregates are significantly smaller, around 20 p This is an avenue

that needs to be further explored.
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7.4  Was smectite originally present in the Boss Point Formation?

The question remains as to whether burial depth of the Boss Point Formation was
great enough to cause alteration of smectite to illite. This question can be addressed by
determining the vitrinite reflectance levels of coal seams in the formation. Vitrinite
reflectance (Ro) is a measure of the reflectivity of a polished surface of vitrinite (Ryan
and Boehner, 1994). This is a precise method for quantifying organic maturation related
to burial depth and thermal parameters. Vitrinite reflectance in the area of Boss Point has
been recorded in the range of 0.55-0.89 according to Ryan and Boehner (1994). These
vitrinite reflectance values can be correlated to the thermal maturation index of smectite.
According to Héroux et al. (1982), vitrinite reflectance levels of approximately 0.7
suggest a level of thermal maturation high enough to cause alteration of smectite in
mudstone. Plint and Browne (1994) noted the presence of smectite in siderite concretions
found in the Boss Point Formation, where it appears to have been protected during burial
and diagenesis. A combination of the vitrinite reflectance values and smectite in siderite
concretions provides strong evidence that smectite was once present in the Boss Point

Formation and altered to illite during burial and diagenesis.

7.5  Can other mechanisms for aggregate formation be ruled out?

Aeolian mechanisms are an unlikely source for aggregate formation in the Boss
Point and Little River formations because there is no evidence in either formation to
suggest aeolian processes; no structures such as wind-blown dunes and no evidence of

saline influence in these formations. Dare-Edwards (1982) believed that aeolian pellets
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lose structure and collapse during pedogenic processes. Boss Point mudstones retain
strong evidence of pedogenesis in aggregate-bearing mudstone.

The abundance of aggregates in the floodplain mudstone facies would seem to
rule against fecal pellet origin. Independent evidence of strong biogenic activity would
have to be present in the study intervals for this option to be considered, whereas
megascopic burrows appear to be uncommon in the Boss Point Formation.

Although eroded mud fragments are common in the studied sections, it is also
unlikely that the fine aggregates originated as mud-rich lithoclasts. The uniform size and

shape of the aggregates imply a pedogenic origin rather than an erosional origin.

7.6  Advantages and disadvantages of imaging and composition analysis techniques
The transmitted light microscope and the environmental scanning electron
microscope (ESEM) were the main imaging devices used to identify pedogenic mud
aggregates in this study. Viewing thin sections through a transmitted light microscope is
an effective method to identify the presence of the mud aggregate texture in a sample.
This technique is useful in identifying the size and distribution of the aggregates, as well
as showing how they occur in thin section in relation to other minerals and cementing

materials.

The ESEM operates on a very small scale, and therefore requires more time and
patience to find individual aggregates. In terms of this study, viewing a sample
perpendicular to its lamination plane is a much more effective vantage point for finding
and imaging mud aggregates. ESEM images are an excellent method of displaying the

three dimensional shape of mud aggregates because natural broken surfaces are imaged,
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as opposed to the cut surfaces seen in thin sections. A real contrast is visible between
sheeted clay and aggregated clay using this imaging device.

X-ray diffraction (XRD), energy dispersive spectrometer (EDS), and electron
microprobe are the tools used for chemical analysis of samples in this study. The XRD is
an effective tool for determining the bulk composition and mineral ratios of a sample.
With respect to this study, interest lay in the proportions and types of clay present in the
samples, making XRD analysis quite useful. Determining the composition of individual
aggregates, however, is not feasible with this analysis technique. XRD equipment is not
capable of identifying minerals present in abundances of 5% or less. If small amounts of
smectite are present in the samples, the XRD will not detect the mineral’s presence.

The EDS (attached to the ESEM) has been another useful tool for chemical
analysis in this project. The benefit of this analysis technique is the ability to accurately
target and analyze specific grains and aggregates, and receive immediate compositional
feedback. The predominant mineral present in the aggregate grain is easily identifiable.
There is some speculation that analyses may pick up interference from other grains,
leading to an impure result; analysis is only able to identify the main mineral present for
each point.

Initial electron microprobe work focused on point analysis. This method proved
incredibly difficult because the clay-rich areas appear as a mass of material and not as
rounded grains. A second approach focused on elemental mapping, essentially using
chemical analysis as an imaging tool. This technique proved useful for showing the

distribution of clays with respect to other minerals. This imaging system, however, does
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not easily identify individual mud aggregates, making it difficult to obtain a precise

chemical composition of a single aggregate.
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8.0 Conclusion

The main objectives of this thesis were to determine the presence of pedogenic
mud aggregates in the Boss Point and Little River formations through imaging and
chemical analysis, to study the texture and occurrence of the aggregates in key stratal
intervals, and to link aggregate preservation to processes that occurred within these
formations. Dryland, semi-arid channel and floodplain successions of the two formations
resemble modern, as well as other ancient deposits that have yielded aggregates. The
selection of these formations has led to a successful search for mud aggregates using thin-
section and ESEM. Aggregates are typically 10-15 pin diameter and range in proportion
from about 10 to 50% of the samples. Some of the best occurrences are found in strata
containing evidence of pedogenic modification, specifically in the calcrete, rubbly
mudstone, and small channel body facies. The aggregates are present both in-situ and
reworked over short distances in calcretes, floodplain mudstone, and soil fragments in
channel deposits. Reworked individual aggregates are found in silt/sandstone deposits of
large trunk channels and small floodplain channels.

XRD analysis indicates a predominance of illite clay with lesser amounts of
chlorite and kaolinite in the samples. ESEM-EDS indicates that the aggregates are
dominantly composed of illite with minor other clays, and electron microprobe analysis
supports these findings. Chemical analysis did not identify smectite in any of the
samples. However, evidence of vertisol development and vitrinite reflectance values of
coal seams in the Boss Point Formation indicate that smectite was likely present and

altered to illite during burial/diagenesis.
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The mud aggregate texture is unusually well preserved in the Boss Point and
Little River formations. This preservation is attributed to a combination of mineral
cements, calcite and iron oxides/hydroxides (hematite), the strong mineral framework in
siltstones, and the rapid burial of the Cumberland Basin during the Carboniferous.

Thin-section work is a reliable way to identify the presence of fine mud
aggregates in a sample. Determining size, proportion, and distribution, as well as
aggregate occurrence with respect to other minerals and cements is relatively
straightforward by means of this method. ESEM provides an excellent high magnification
image of aggregate grains. This imaging technique presents a three dimensional view of

the aggregates that shows a distinct difference in shape from that of sheeted clay.

8.1  Future Work

It could be very useful to see data from the electron microprobe elemental maps
manipulated into triangular diagrams of Al, K, and Mg. The distribution of plotted points
on the diagram may make it possible to identify minor amounts of smectite clay among
the predominant illite, chlorite, and kaolinite.

Imaging the aggregates via blue-light microscope may be a beneficial approach to
identifying mud aggregates (Gierlowski-Kordesch and Gibling, 2002). This technique
emphasizes the contrast between clays and other clastic minerals, possibly making the
aggregates stand out more in thin section.

The presence of mud aggregates should be considered in other formations

containing floodplain mudstones deposited in semi-arid to sub-humid paleoclimates. It
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would be interesting to extrapolate this study into the Joggins Formation, which directly

overlies the Little River Formation and represents a more humid climatic setting.
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Appendix A
ESEM spectra of analyzed mineral grains and the diagnostic mineral scan from Welton,
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Appendix B

Contains a list of all samples, the lithology of each sample, and the analyses caried out on each
sample.

JG-1-1 sandstone petrography
JG-1-2 sandstone petrography
JG-1-3 sandstone petrography
JG-1-4 siltstone petrography
JG-1-5 sandstone petrography
JG-2-1 siltstone petrography, XRD
JG-2-2 carbonate concretion in sandstone |petrography, microprobe
JG-2-3 mudstone petrography, XRD
JG-2-4 siltstone petrography
JG-2-5 siltstone petrography
JG-2-6 sandstone petrography
JG-2-7 mudstone petrography, ESEM/EDS
JG-2-8 siltstone petrography
JG-2-9 mudstone petrography, ESEM/EDS, microprobe
JG-2-10a siltstone petrography, microprobe
JG-2-10b siltstone petrography, XRD
JG-2-11 mudstone petrography, XRD
JG-2-12 mudstone petrography, XRD
JG-2-13a mudstone petrography
JG-2-13b mudstone petrography

19G-2-14 siltstone petrography
JG-3-1a sandstone petrography, microprobe
JG-3-1b sandstone petrography




