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Abstract

Atmospheric dust is an important climatic agent as well as a valuable climatic
archive. Recent studies have hypothesized ample dust deposits (loess) from late Paleozoic
western equatorial Pangaea. However their relation with late Paleozoic climate change is
understudied. In this study, I developed a methodology for sequential extraction of the
silicate mineral fraction (SMF, a proxy for dust influx) from lithified carbonates and have
applied this method to paleoclimatic interpretation of an upper Pennsylvanian glacio-
eustatic sequence of Horseshoe Atoll, an isolated carbonate buildup of the Midland basin
(west Texas).

The studied cycle (~ 30 m thick) consists almost entirely of carbonate with a thin
interval of dark, pyritic mudrock at the sequence boundary. The SMF contains both
detrital and authigenic silica and, using paleogeography, stratigraphy and petrographic
constrains, both components are inferred to be of eolian origin. Accordingly, the SMF
can be used as a proxy for atmospheric dust and attendant aridity. Dust varies over 2
orders of magnitude within the carbonate succession and is over 3 orders of magnitude
higher in the mudrock. The mudrock is interpreted as a loess deposit that was
pedogenically modified and subsequently transgressed. The stratigraphic position of the
the mudrock, juxtaposed between the sequence boundary and early transgressive
carbonate facies, suggests maximum aridity during lowstand to early transgression
(glacial to incipient interglacial). Spectral analyses of the dust fraction within the
carbonate reveals Milankovitch scale (< 10° yr) variations in atmospheric conditions

through a single glacial cycle. Remarkably high abundance of highly reactive iron within
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the mudrock together with recent recognition of high atmospheric dust load during the
late Paleozoic suggest high reactive iron input to the late Paleozoic ocean and attendant

marine primary productivity.



Chapter 1

Extraction methodology for the silicate mineral fraction from ancient

carbonate: assessing the geologic record of dust

Abstract

The climatic influence of eolian dust (silt and finer sizes) is well recognized in the
Cenozoic earth system, but less so for the pre- Cenozoic. In ancient carbonate rocks that
formed isolated from fluvio- deltaic influx, the silicate mineral fraction can, in some
cases, be shown to represent atmospheric dust. Here we present a methodology for
sequential extraction of carbonate, organic matter, pyrite and iron- oxide from pre-
Cenozoic carbonate strata to isolate the dust fraction, and illustrate the application to

stratigraphic sequences in a late Paleozoic carbonate buildup and ramp setting.

Introduction

The geologic record of dust is of growing interest owing to its importance in the
climate system (e.g. Rea 1994; Duce 1995; Mahowald et al. 1999; Kohfeld and Harrison
2001; Muhs and Bettis 2003; Anderson et al. 2006). Climate controls dust production,
transportation and deposition. Thus dust deposits hold the potential to record high-
resolution climate change through time. Additionally, atmospheric dust impacts the
climate system by a) its direct and indirect effects on radiative forcing, which controls
surface and atmospheric temperature and stability (e.g. Tegen et al. 1996; Yoshioka et al.

2005; Mahowald et al. 2006), and b) nutrient delivery to the land and ocean, which



influences the biosphere and thus affects the carbon cycle (e.g. Jickells et al. 2005 and
references therein). To date, most studies of atmospheric dust have focused on the
Cenozoic deep- sea record owing to the advantages imparted by 1) geographic isolation
to eliminate the possibility of fluvio-deltaic contamination, and 2) a lack of diagenetic
overprinting. Hence, non-authigenic mineral components isolated from deep- sea
sediments have long been used as a proxy for atmospheric dust flux applied to
paleoclimatic studies (e.g. Rea & Janecek 1981; Rea 1994; Hovan 1995; Lyle and Lyle
2002; Hyeong et al. 2006; Ziegler et al. 2007). In these studies the mineral components
are extracted through a series of chemical procedures which involve removal of carbonate
with acetic acid, removal of opal by sodium hydroxide or sodium carbonate and removal
of Fe and Mn oxides and hydroxides by sodium dithionite-sodium citrate solution
buffered with sodium bicarbonate (Rea and Janecek 1981). Clemens and Prell (1990)
modified the procedures slightly by using: a) weaker buffered acetic acid to dissolve the
biogenic carbonate, b) sodium hypochlorite treatment to remove organic material, and c)
a stronger opal leach for complete dissolution of radiolaria and diatoms. Later Hovan
(1995) modified the process for sediments with high concentrations of diatoms by using
1.5-N sodium hydroxide solution at 85°C for 2 hour to remove all biogenic silica.
Recently, Lyle and Lyle (2002) recommended the use of 2M potassium hydroxide at 80
°C for 8 hours to remove opal from the sediments.

In contrast to the large body of work on atmospheric dust in oceanic sediments of
the latest Mesozoic to Cenozoic, studies on pre- Cretaceous strata are rare (Soreghan et
al. 2008 and references therein), in part owing to the absence of truly oceanic sediments

for the older record, but also owing to the, until recently, poor recognition of the



contribution of dust to sedimentary systems. However, (paleo) geographic isolation can
also be achieved in deeper- time continental epeiric regions by targeting systems that
developed far from fluvio-deltaic sources, most notably, carbonate systems. Nevertheless,
older strata also bear the complication of increasingly severe diagenesis. For example,
ancient rocks commonly contain diagenetic pyrite, and recrystallization of opaline silica
to authigenic quartz precludes separation of the authigenic from the detrital quartz (dust)
in the extracted residue. However, the authigenic component can, in many cases, be
considered to reflect an ultimate detrital origin (e.g. Cecil 2004; explained further later).
Moreover, an advantage of the pre- Mesozoic is that many fine- grained siliceous biota
(e.g. diatoms) had not yet evolved and thus do not pose a source of non- detrital silica.

In this paper we outline our approach for extraction of what we infer to be the
atmospheric “dust” component from Pennsylvanian stratigraphic sequences of an isolated
carbonate buildup of the “Horseshoe Atoll”, Midland basin, west Texas (Fig. 1.1A) and
from ramp carbonates of the Bird Spring Formation, Arrow Canyon, Nevada (Fig. 1.1B).
We have modified the extraction methodology of Rea and Janecek (1981), Clemens and
Prell (1990) and Hovan (1995) to address some of the problems unique to lithified strata;

hence our approach should be generally applicable to many pre- Cenozoic systems.

Methodology

Samples of the Midland basin study site (Fig. 1.1A) are from an air-drilled core,
covering a complete glacioeustatic sequence of ~ 30 m thickness, from which we
sampled at 10 cm intervals. Samples of the Bird Spring ramp (Fig. 1.1B) are from

outcrop exposed in Arrow Canyon, and constitute part of a glacioeustatic sequence of ~



24 m thickness which we sampled at 20 cm intervals. We collected at least 50 gm from
each sample horizon and avoided sampling across stylolites.

A tile snipper or pestle was used to fragment the sample, which was then washed
with distilled water, dried and gently crushed to approximately pea size using a mortar
and pestle. The crushed rock sample was then transferred to a clean beaker and the
sample weight recorded to the fourth decimal place. For Horseshoe Atoll samples, the
starting amount of 50 gm ultimately yielded a residue of .0047 to 3.3444 gm (.0093 to
6.6885 wt %), which was sufficient for subsequent grain-size analysis. However, samples
from the Bird Spring Formation were more siliciclastic rich, necessitating a sample mass
of ~30 gm for this study. Accordingly, when applying this approach to samples with very
different background levels of residue, either larger or smaller starting amounts might be
more appropriate.

The initial step is removal of carbonate (calcite and dolomite). For this,
approximately 300 ml of 2N hydrochloric acid (HCI) is added to the sample in the beaker
on a hot plate set at 50°C. The sample is periodically stirred gently with a glass rod for an
hour and then left covered with a watch glass to avoid evaporation and contamination.
The pH of the acid is checked after 24 hours; if the pH approaches neutral the supernatant
is then carefully decanted and fresh acid (~ 300 ml) added. This process is repeated until
carbonate dissolution is complete, as indicated by no change in pH. We preferred 2N HCI
for this step in order to speed the dissolution process considering our large starting
amount (50 gm) and number of samples. The strength of the acid did not negatively affect
subsequent petrographic analyses, nor measurements of the residue amount and grain

size. Analyses of chemistry and clay mineralogy of the residue, however, should be done



on pristine sample splits using much weaker acid (e.g. acetic acid) for digestion in order
to avoid chemical changes induced by acidification.

Once dissolution is complete the residue is gently rinsed with distilled water into
a cleaned 50 ml polypropylene centrifuge tube, centrifuged for 10 minutes and the
supernatant decanted. This process is repeated (up to 3-4 times) until no acid remains in
the residue to form any salt.

The residue is then washed, using a minimal amount of distilled water, into a pre-
weighed flask and freeze-dried for 24 hours. The dried sample plus flask is then weighed
(3 times) and the weight recorded to the fourth decimal place to obtain the weight percent
of residue. This residue is referred to as the “acid insoluble residue” which is devoid of
carbonate (limestone and dolomite) (Fig. 1.2A).

Owing to the geologic age and setting of the samples, the presence of dead oil
(bitumen) and kerogen proved problematic. Treatment with hydrogen peroxide is
ineffective for this organic matter and, if not removed, the insoluble residue can become
entrapped in the oil. We approached this by placing the freeze-dried insoluble residue
into a pre-weighed crucible and combusting the sample at 500 °C for ~15 hours. The
burned sample plus crucible was then weighed (3 times) and recorded to the fourth
decimal place. This process worked well for our carbonate samples for two reasons: a)
the rock contains very little total organic carbon (average TOC = 0.25 %), thus
combustion at 500 °C removed most of the organics, and b) this process also oxidized
most of the disseminated diagenetic pyrite to iron oxide (Fig. 1.2B, D), which enabled
their subsequent dissolution using the citrate-bicarbonate-dithionite (CBD) method,

originally described by Mehra and Jackson (1960) and later modified by Rea and Janecek



(1981). Alternatively, the combustion process could be completed before the acidification
stage where entrapment of insoluble residue in the oil can be a problem during
decantation in the acidification stage.

Following combustion, many of our insoluble, inorganic residues appeared red
owing to the oxidation of pyrite (Fig. 1.2B, D). Removal of these amorphous coatings
and crystals of free iron oxides and hydroxides is then possible using the citrate-
bicarbonate-dithionite (CBD) method. We follow the procedure described by Rea and
Janecek (1981) but slightly modified because of the small insoluble, inorganic residue
size and consequent use of small (50 ml) centrifuge tubes. We halved the amount of
sodium citrate and sodium bicarbonate recommended while keeping the concentrations
unchanged. Residue is first placed in the 50 ml centrifuge tube and 20 ml of 0.3 M
sodium citrate and 2.5 ml of 1 M sodium bicarbonate added. The centrifuge tube is then
placed in a water bath set at 80°C. Once the temperature equilibrates, 0.5 gm of sodium
dithionite powder is added and the solution is stirred for 1 minute. The solution is kept at
80 °C for 10- 15 minutes and then another 0.5 gm of sodium dithionite powder is added
and the solution stirred intermittently for another 10 minutes. The sample is then
centrifuged for 10 minutes and the clear supernatant decanted. Finally, 20 ml of 0.3 M
sodium citrate is added and the sample stirred and centrifuged for 10 minutes and
supernatant decanted. The residue is then rinsed with distilled water. The entire process is
repeated as needed to ensure removal of all iron oxides, as determined by visual
inspection. This process effectively removes amorphous iron oxide and hydroxides, and
thus the oxidized pyrite. However it also removes any detrital hematite present in the

insoluble, inorganic residue, which adds a minor error component in determination of the



detrital contribution. The contribution of detrital hematite relative to other, silicate
mineral components, in the detrital load, however, is sufficiently minimal to justify this
error. Furthermore, because this process is applied to all samples equally, removal of any
detrital hematite should not significantly alter relative trends in residue amount through
the study section. At this stage, the sample is free of carbonate, organic matter, pyrite and
iron oxides. However, varying amounts of authigenic silica (e.g. silicified bioclasts,
authigenic quartz) could be present in the residue, hence we term the remaining residue
the “silicate mineral fraction” (SMF; Fig. 1.2C, E).

The SMF is gently washed through a 63 pm sieve to filter any sand- sized
authigenic siliceous phases, such as sponge spicules or chertified fragments and the
sieved fraction transferred to a beaker. The > 63 um fraction (“sand- sized SMF”) is
transferred into a pre-weighed petri dish (Fig. 1.2F). The sample plus the petri dish is
then weighed (3 times) to four decimal places. This coarser fraction is then visually
examined by stereo microscope to identify any detrital components and these are then
transferred into the < 63 um fraction. Once picking is complete the remaining coarser
fraction plus the petri dish is weighed again (3 times).

The < 63 um fraction is then transferred in a pre-weighed flask and freeze-dried
for 24 hours. The dried residue plus flask is weighed (3 times) and recorded to the fourth
decimal place. Finally the residue (< 63 pm) is visually examined to identify, remove and
weigh any obvious non- detrital component and the weight recorded again to determine
the final weight percent of the residue. The residue is then ready for any petrographic
(e.g. SEM, microprobe) and grain size analyses. At this stage, we term the remaining

residue the “silt- sized SMF” (Fig. 1.2G), which is devoid of carbonate, organic matter,



amorphous Fe and Mn oxides and hydroxides, disseminated pyrite and biogenic siliceous
phases of > 63 um size. We cannot apply the term “detrital” residue owing to the
presence of silt- sized authigenic silica, as discussed below.

Replicate analyses were done to check the reproducibility of the methodology and are
typically within 0.1 to 2 %. A flowchart of the steps involved in this methodology of

silicate mineral extraction is presented in figure 1.3.

Application

In a carbonate environment isolated from fluvio- deltaic systems, any detrital
material (SMF) should reflect eolian input. Hence analysis of the detrital residue holds
the potential to provide information on various aspects of paleoclimate, including
variations in atmospheric dust loads (by studying weight percent through a section), wind
strength (via grain size), and wind direction (using provenance of the detrital fraction).
Below, we illustrate the application of this method to two different study areas.
Example 1: Application to an isolated carbonate buildup

Figure 1.4A shows results of our extraction processes applied to a single upper
Pennsylvanian (Virgilian) glacioeustatic sequence of approximately 30 m from
“Horseshoe Atoll,” a series of isolated carbonate buildups located in the interior Midland
basin, west Texas (Fig. 1.1A). Our results show that SMF varies in a nonrandom pattern,
in the sense that it increases significantly close to the sequence boundary and decreases
away from it and exhibits nonrandom variations throughout the carbonate succession.

The SMF in the carbonate is dominated by authigenic quartz (fine- grained doubly



terminated prisms; Fig. 1.2E, F, G) and we address origin of this component in a later
section.
Example 2: Application to a pericratonic, mid- ramp setting (Stagner 2008)

The mid-Pennsylvanian Bird Spring Formation of Arrow Canyon, Nevada
contains multiple discrete silty intervals in an otherwise carbonate cyclic succession.
Paleogeographic constraints by Blakey and Knepp (1989) and others (e.g., Stevens and
Stone 2007) indicate the Bird Spring Formation developed on a distally-steepened
carbonate ramp in low-latitude Pangaea, isolated from fluvio- deltaic feeders (Fig. 1.1B).
We sampled a mid- Desmoinesian section of the Bird Spring Formation that includes two
silt- rich units.

Following the SMF extraction protocol outlined above, we analyzed ~ 8 m of this
section for detrital siliciclastic influx. The results of SMF extraction indicate that weight
percent of the SMF varies over two orders of magnitude through the analyzed section,
from 0.32% to 53.3% for the total SMF. Placed within a sequence stratigraphic
framework, the Bird Spring Formation exhibits major influxes of silt and very fine sand-
sized detritus proximal to sequence boundaries (Fig. 1.4B).

The combination of physical and chemical extraction processes outlined here
allow for extraction of the SMF from the Bird Spring Formation such that grain
microtextures are preserved, and compositional and quantitative grain size analysis can
be performed on the SMF residues. Petrographic analysis indicates that the grain-forming
constituents of the SMF include quartz, potassium feldspar, muscovite and biotite, in
order of decreasing mineral abundance. Heavy-mineral components including zircon,

rutile, and tourmaline were observed in trace amounts during electron microprobe



analyses of the SMF. Qualitative visual and SEM analyses of residues indicate that quartz
is the dominant mineral in SMF extracted from the Bird Spring Formation, and occurs as

angular to sub-rounded silt-sized grains that are inferred to be detrital (Fig 5A, B), and as
doubly terminated prisms inferred to be authigenic (Fig 5C, D) analogous to the Midland

basin example.

The SMF of the Bird Spring Formation is coarser and more abundant compared to
the SMF of the Horseshoe Atoll carbonates. These differences in amount and grain size
reflect their different paleogeographic settings. The Bird Spring Formation developed on
land- attached ramp wherein siliciclastic grains could have arrived via either saltation or
suspension transport whereas Horseshoe Atoll was isolated within the interior Midland
basin, and could have received siliciclastic material only via suspension mode, from
relatively distal source areas. Hence, depending on paleogeographic settings, larger or

smaller starting amounts may be more appropriate for processing.

Discussion

Sur et al (in review) noted that possible sources for silica in these systems
comprise: a) fluvio-deltaic plumes; b) submarine volcanism; c) dissolution-reprecipitation
of biogenic silica (sponge spicules, radiolaria, diatoms, dinoflagellates); d) diagenesis of
clay; e) marine upwelling; or f) dissolution-reprecipitation of aeolian dust (continental
and/or volcanic ash). However, we infer a detrital eolian origin for the authigenic quartz
in both study areas on the basis of the following observations and reasoning:

As noted, both sections formed isolated from sources of fluvio- deltaic input,

hence eliminating fluvio- deltaic plumes as a possible silica source. Late Paleozoic
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submarine volcanism did not occur in either region, and neither section contains
sufficient clay to call upon large- scale clay diagenesis as a reasonable source.
Furthermore, biogenic silica components (e.g. sponge spicules, radiolaria) are extremely
rare in both sections, and the few grains of biogenic silica recovered are pristine.
Paleogeographic considerations (analogy with midcontinent sea; Algeo and Heckel 2008)
suggest that upwelling was probably not important in the Midland basin. These
considerations, together with the presence of (1) well- rounded to subangular, pitted and
fractured (fine) sand- sized grains of detrital origin, and (2) common observation of fine
to medium sand- sized detrital (quartz) cores within authigenic quartz lead us to infer that
the major silica source for the authigenic silica was ultra fine-grained dust (continental
and/or volcanic) that entered the system in association with the demonstrably detrital,
coarser fraction (see also Sur et al. in review).

Furthermore, there is growing recognition of abundant loessite deposits in western
equatorial Pangaea during the late Paleozoic, which suggests that this time period was
characterized by abundant dust in the atmosphere (Soreghan et al. 2008). If this reasoning
is valid then variations in the SMF reflect variations in the dust influx in the studied
sections. Higher dust influx close to sequence boundaries is interpreted to reflect
increased aridity and dust availability during glacial to incipient interglacial phases
(Stagner 2008; Sur et al. in review).

Notably, Cecil (2004) argued that the majority of the Paleozoic bedded chert
deposits of North America are associated with warm- arid climate regimes which produce

ample amounts of highly reactive ultra- fine- grained dust. He therefore inferred aeolian
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dust as the major source of silica for these bedded cherts which were otherwise thought to
derive from biogenic silica.

These studies converge to suggest that dust in the pre- Cenozoic record is more
important than generally realized. Although it is important to thoroughly assess the origin
of any authigenic silica component, our method of extraction of SMF as a proxy for
atmospheric dust has significant potential for application to the pre- Cenozoic record for

paleoclimatic studies, especially given the climatic importance of aerosols.

Conclusions

1. The method described in this paper works well for the extraction of the silicate
mineral fraction from Paleozoic carbonates and should be applicable to lithified
carbonates throughout the geologic record. However, doubly terminated prisms of
authigenic quartz can form a significant component of the extracted SMF, and its origin
must be thoroughly evaluated.

2. The resultant SMF can be used as a proxy for dust and aridity for systems that
formed isolated from fluvio- deltaic input and for cases wherein other, non- atmospheric
sources of silica can be confidently eliminated.

3. Authigenic quartz dominates the SMF and is a common phenomenon in many
ancient rocks where they are associated with arid climates and are likely sourced from
atmospheric dust. This suggests a greater importance of atmospheric dust in pre-

Cenozoic time than is generally realized.
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Figure Captions

Fig. 1.1.— A) Location map of the study area (Reinecke Field) in “Horseshoe Atoll” of
the Midland basin (modified after Saller et al. 1999). B) Sketch of Late Paleozoic
paleogeographic elements of southwestern North America (modified after Rich, 1977,
and Stevens and Stone, 2007) indicating constraints on fluvio-deltaic input to the Bird

Spring shelf (Stagner 2008).

Fig. 1.2.— Photographs of different stages of residues from the Horseshoe Atoll

carbonate. A) “Acid insoluble residue”; the dark color is due to presence of organic

matter. B) Residue after combustion at 500 °C; note slight reddish color due to oxidation
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of pyrite. C) SMF after CBD. All of the petri dishes in A), B) and C) have diameter of 5
cm. D), E), F) and G) show photographs of residue under the reflected light microscope.
D) Residue after combustion at 500 °C; arrow indicates oxidized pyrite grain; horizontal
field of view for photograph is ~ 5 mm. E) SMF after CBD; note absence of oxidized
pyrite grains and dominance of doubly terminated quartz; horizontal field of view for
photograph is ~ 2.5 mm. F) “Sand- sized SMF” after sieving (> 63 um fraction);
horizontal field of view for photograph is ~ 2.5 mm. G) “Silt- sized SMF” after sieving

(<63 um fraction); horizontal field of view for photograph is ~ 2.5 mm.

Fig. 1.3.— Flowchart for methodology to extract silicate mineral fraction from carbonate.

Fig. 1.4.— A) The stratigraphic distribution of total SMF across a sequence boundary in
the Horseshoe Atoll. B) The stratigraphic distribution of SMF in the Bird Spring
Formation across a mid-Desmoinesian sequence boundary and a high- frequency cycle
(HFC boundary) indicates that inferred dust influx increases approximately two orders of

magnitude proximal to inferred lowstand- to early transgressive intervals (Stagner 2008).

Fig. 1.5.— Reflected light and scanning electron photomicrographs of components
identified in the silicate mineral fraction from the Bird Spring Shelf, showing a (A)
detrital silt end-member composed primarily of (B) quartz and feldspar, and (C) an
authigenic silt end-member comprised of (D) doubly terminated quartz of variable size

(Stagner 2008).
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Chapter 2

A high-resolution record of atmospheric dust from the Pennsylvanian

tropics

Abstract

Upper Pennsylvanian shallow- water carbonate buildups from the Midland basin
consist of subtidal carbonate cycles separated from one another by exposure surfaces
(sequence boundaries) that developed at glacioeustatic lowstands. These cycles consist
almost entirely of carbonate, because they formed as “pinnacles” of the so —called
“Horseshoe Atoll” within the middle of the basin, isolated from all fluvio- deltaic
systems. However, thin (0.02 to 1 m) intervals of dark, pyritic mudrock occur commonly
at sequence boundaries. In this study, by sequential removal of carbonate, organic matter
and pyritic components, we isolated the silicate mineral fraction (SMF) at 10 cm intervals
through a single middle Virgilian glacial cycle (~ 30 m thick). The SMF contains both
(fine- grained) detrital as well as authigenic silica. We infer the origin for both
components to be eolian owing to paleogeography, stratigraphic distribution, and
geochemical, petrographic and grainsize characteristics and thus take the SMF as a proxy
for atmospheric dust. This dust component varies in concentration over 2 orders of
magnitude in the carbonate and over 3 orders of magnitude between carbonate and
mudrock. The dust component is composed of quartz, clay and trace amount of feldspars
and heavy minerals. The mudrock contains subtle but detectable pedogenic features such
as rhizoliths, randomly oriented slickensides, clay cutans, and local carbonate nodules as

well as scattered pyrite. Hence we infer the mudrock originated initially as a dust (loess)
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deposit that was pedogenically modified and subsequently transgressed. Dust influx
peaked in the dark gray- green mudrock (loess) deposited between the sequence boundary
and the early transgressive foram/algal grainstone facies and thus suggests maximum
aridity during lowstand to early transgression (glacial to incipient interglacial) time.
Spectral analyses of the dust fraction within the carbonate suggest Milankovitch- scale
variations in atmospheric dustiness. Provenance data suggest that dust in the studied
section was ultimately derived from uplifts of the Ancestral Rocky Mountains with a
possible minor contribution from active volcanic centers located to the south and
southwest. Taken together our data suggest Milankovitch scale (primarily <10° yr)
variations in atmospheric dust influx through carbonate (highstand) deposition and peak
dustiness at lowstand to early transgression (glacial to incipient interglacial), reflecting

peak aridity and dust availability during glacial time.

Introduction

In the late Cenozoic, eolian dust, preserved in both the continental (i.e. loess) and
marine realm has long been recognized as a high-resolution climatic archive (e.g. Porter
and An 1995; Rea et al. 1998; Muhs and Bettis 2000; Stevens et al. 2006). Increasingly, it
is also viewed as an agent of climate change through its direct and indirect effects on
radiative forcing (e.g. Houghton 2004) and biogeochemical cycles (e.g. Jickells et al.
2005; Mahowald et al. 1999, 2006). Late Cenozoic records of dust show that atmospheric
dustiness varied on glacial- interglacial and higher frequencies, controlled by
Milankovitch (e.g. Rea 1994) and sub- Milankovitch- scale cyclicity (e.g. Muhs and
Bettis 2003). Relative to the Holocene, dust flux increased by an estimated 2- 20 times

during the Last Glacial Maximum ~ 20,000 yrs ago; (e.g. Marino et al. 2005; Anderson et
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al. 2006) probably owing to increased 1) wind strength, 2) aridity, and 3) potential dust
source area (e.g. Mahowald et al. 1999, 2006).

Similar to the late Cenozoic, the late Paleozoic was also a time of large- scale
glaciation. Recent research suggests the late Paleozoic consisted of multiple episodes of
more- and less- intense glaciation extended over a longer time scale (several million
years; e.g. Isbell et al. 2003; Jones and Fielding 2004; Fielding et al. 2008) rather than a
single continuous glaciation as portrayed by various earlier workers (e.g. Veevers and
Powell 1987; Crowell 1999). This late Paleozoic glaciation was characterized by periodic
waxing and waning of Gondwanan ice sheets, accompanied by glacio- eustatic sea- level
fluctuations ranging to high amplitudes (>100 m) during intervals of largest ice volume
(e.g. Soreghan and Giles 1999), producing the classic “cyclothem” cyclicity in the rock
record (e.g. Wanless and Shepard 1936; Heckel 1986). Glacial- interglacial scale and
higher- frequency climate change drove and accompanied the glacioeustasy (e.g. Cecil
1990; Soreghan 1994 a, b; Rankey 1997; Olszewski and Patzkowsky 2003) and both
models and data suggest that global circulation evolved from dominantly zonal to
increasingly monsoonal from middle Pennsylvanian to early Permian time (e.g. Parrish
1982; Parrish 1993; Gibbs 2002; Soreghan, M. et al. 2002; Tabor and Montafiez 2002). In
marked contrast to the late Cenozoic, the late Paleozoic glaciation may have been, at least
episodically, more extreme, as indicated by the hypothesis of low- elevation ice in
equatorial Pangaea and widespread distribution of tropical loess (dust) deposits
(Soreghan et al. 2008a, b).

In western equatorial Pangaea, dust deposits occur as massive and pedogenically

altered siltstone or “loessite” and as marine silty units intercalated with carbonate shelf
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and mound system that formed isolated from fluvio- deltaic input (Soreghan et al. 2008a
and references therein). Studies from these continental loess-paleosol couplets (e.g.
Soreghan et al. 2002; Kessler et al. 2001; Tramp et al. 2004) and marine strata (e.g.
Soreghan et al. 2007) reveal a glacial- interglacial scale fluctuation of dust influx. Despite
its widespread distribution and known importance in the climate system, climate models
of the late Paleozoic have yet to incorporate the influence of dust as a climate forcing
agent, primarily owing to poor constraints on the timing and character of dust fluctuation.
In this study, we document glacial- interglacial and higher- frequency fluctuations
in dust influx in upper Pennsylvanian (middle Virgilian) marine carbonate of the so-
called “Horseshoe Atoll,” west Texas. Our data illustrate systematic fluctuations in
timing, amount and character (mineralogy, grain size) of dust influx through a single
glacial- interglacial cycle, reflecting Milankovitch- scale (primarily <10 yr) variations in

atmospheric circulation.

Geological setting

The Midland basin of west Texas formed as a result of the collisional orogenesis
between Gondwana and Laurasia during early Pennsylvanian time, when onset of the
Central Basin uplift separated the ancient Tobosa basin into the Midland (east) and
Delaware (west) basins (e.g. Frenzel et al. 1988). In this region tectonic activity reached
its maximum during Virgilian (late Pennsylvanian) time, resulting in the continued rise of
the Central basin uplift (Kluth 1986) and consequent subsidence of the Midland basin.
The Midland basin remained equatorial (<10° N) throughout the late Paleozoic (e.g.

Walker et al. 1995; Scotese 2001), which led to the formation of broad carbonate shelves
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along basin margins as well as isolated buildups within the basin interior (Frenzel et al.
1988; Fig. 2.1A).

The so- called “Horseshoe Atoll” forms complex buildups in the interior Midland
basin, atop lower Pennsylvanian platform carbonate. It consists of a series of early
Desmoinesian- to early Wolfcampian- aged phylloid- algal buildups and associated biota
(e.g. bryozoa, crinoids, fusulinids, Tubiphytes and encrusting foraminifera) reaching up to
915 m thick (Myers et al. 1956; Stafford 1959; Vest 1970; Schatzinger 1988) and buried
by lower Permian siliciclastic strata. Horseshoe Atoll now lies buried ~1830 m
subsurface and is one of the most significant petroleum reservoirs of the Permian basin.

The Reinecke Field forms a pinnacle- shaped phylloid algal carbonate buildup
located along the southern part of the Horseshoe Atoll. The current morphology and relief
of the Reinecke structure is attributed to differential carbonate growth, followed by
modification during exposure and, ultimately, deep- marine erosion upon drowning of the
Reinecke buildup (Saller et al. 2004). Reinecke Field contains part of the “Canyon”
(Missourian), “Cisco” (Virgilian) and “Wolfcamp” (Wolfcampian) series with four main
sequences (~ 18 to 24 m thick) preserved, separated by subaerial exposure surfaces or
sequence boundaries (horizons designated 100, 200, 300 and 400; Saller et al. 1999c; see
Fig. 2.1B, C). The middle Virgilian strata consist predominantly (99%) of carbonate
(limestone and dolostone), with <1% siliciclastic mudrock commonly found at sequence
boundaries. The interval between exposure surfaces (sequence boundaries, or SB) 400
and 100 (e.g. Saller et al. 1999c) is of middle Virgilian (VC-2 of Wilde 1990) age on the

basis of fusulinid biostratigraphy (Saller 1999); lower and upper Virgilian strata are
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absent. The interval of interest for the current study spans a ~ 32 m middle Virgilian

(Gzhelian) sequence bounded by SB 300 and 200 of Saller et al (1999c).

Methods

We studied and sampled a continuous, air- drilled core recovered from Reinecke #
266 located in Borden County, Texas (Fig 2.1A, C). The target middle Virgilian sequence
was described at a centimeter scale and systematically sampled to analyze petrography,
weight percent of extracted silicate mineral fraction, clay mineralogy and geochemistry.
We also incorporated the work of Saller (1999) and Saller et al. (2004) to understand the
depositional history and the cyclostratigraphy.

To assess the mass of the silicate mineral fraction (SMF) we collected ~ 50 g
samples at 10 cm intervals throughout the study interval, and at 5 cm intervals within 20
cm of the sequence boundaries, for a total of 315 samples. We avoided sampling across
stylolites. To extract the SMF, samples were treated with hydrochloric acid (HCI) to
eliminate carbonate and combusted at 500° C for ~ 14 hours to oxidize pyrite and remove
organic matter. Samples were then subjected to the citrate-bicarbonate-dithionite (CBD)
method to remove iron oxides and subsequently sieved and visually examined. The
detailed methodology is described in Sur et al. (in review b; Fig. 2.2). Sample splits of
pristine core material were used to assess clay mineralogy (using X- ray diffraction, or
XRD) and major and minor element geochemistry (using inductively coupled plasma
mass spectroscopy, or ICP- MS). For XRD analysis, samples (3 samples) were subjected
to a gentle carbonate dissolution in 0.3 M acetic acid and clay- sized residue was then
extracted by the settling tube- decantation method (Folk 1974). Sedimentation slides were

then made for analysis by XRD.
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About 40 petrographic thin sections were studied to document the depositional
facies. Reflected- light petrography, scanning electron microscopy (SEM) and
microprobe analyses were also conducted to better understand the nature and origin of the
SMF.

Spectral analyses on SMF data were performed using Analyseries- version 2.0.4
(Paillard et al. 1996) to assess the possible role of Milankovitch orbital- scale
(eccentricity, obliquity, precession) cyclicity in the SMF data. Detailed methodology for

this analysis is described in a later section.

Depositional facies

Analysis of core slabs and thin sections from the study interval revealed seven
major depositional facies which are described below and summarized in Table 2.1.

Foram/algal grainstone (Fig. 2.3A, 2.4A): The foram/algal grainstone facies
forms ~ 3% of the studied sequence and occurs within 0.5 m of (below and above)
sequence boundaries (exposure surfaces). Allochems include fragments of algae
(phylloid, dasycladacean) and forams (tubular forams and fusulinids), crinoids,
bryozoans, ostracods, molluscs and brachiopods and coated and micritized grains, all
very well sorted. The well- washed, grain- rich composition suggests a high- energy
shallow subtidal to intertidal shoal environment for this facies. This is interpreted as the
shallowest facies in the sequence.

Bioclastic grainstone (Fig. 2.3B, 2.4B): The bioclastic grainstone facies makes up
~ 30% of the studied sequence, predominantly in the upper part and consists largely of

crinoid fragments with lesser amounts of fragmental tubular forams, phylloid algae,
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fusulinids, bryozoans, Tubiphytes and brachiopods. Burrows and clay seams occur locally
and stylolites are common throughout. The grain- rich fabric, with abundant fragmented
allochems, and the occurrence close to the sequence top suggests deposition in a
relatively high- energy shallow subtidal environment.

Bioclastic packstone (Fig. 2.3C, 2.4C): The bioclastic packstone facies composes
~ 17% of the studied sequence, predominantly in the upper half and consists of fragments
of crinoids, forams (mainly fusulinids), phylloid algae, Tubiphytes, molluscs (e.g.
gastropods) and ostracods. Near the sequence top, micritized grains and subordinate
amounts of peloids and intraclasts occur. Burrows and clay seams occur locally and
stylolites are common throughout. The packstone fabric, with abundant bioclasts,
micritization and local peloids and intraclasts reflects moderate energy deposition in a
shallow subtidal environment of <20 m depth (e.g. Soreghan 1994a; Saller et al. 2004).

Fusulinid packstone (Fig. 2.3D, 2.4D): The fusulinid packstone makes up ~ 2%
of the studied sequence, occuring close to the base of the sequence and is composed of
whole fusulinids with subordinate fragments of phylloid algae. Stylolites are less
common in this facies. Similar to the bioclastic packstone facies, the fusulinid packstone
is inferred to record shallow subtidal deposition (5-20 m depth) in open- marine
conditions.

Bioclastic wackestone (Fig. 2.3E, 2.4E): The bioclastic wackestone facies
composes ~ 12% of the studied sequence, occurring mostly in the middle part of the
sequence and contains fragments of crinoids with subordinate fusulinids, Tubiphytes and
phylloid algae. Clay seams are common and stylolites occur locally. The mud- rich fabric

and stratal position suggest deposition in an open- marine, moderately deep subtidal
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environment below wave base (>15 to 30 m; e.g. Bishop et al. in review). This facies is
inferred to be the deepest of the sequence.

Phylloid algal boundstone (Fig. 2.3F, 2.4F): The phylloid algal boundstone facies
covers ~ 11% of the studied sequence, typically occuring in the middle part of the
sequence. This facies exhibits a wackestone- boundstone to packstone- boundstone,
autobrecciated texture and is dominated by algae (phylloid and others) with common
leached and micritized phylloid algal plates. Locally, especially, above SB- 200,
Tubiphytes and bryozoan predominate over algae. Fragments of crinoids, forams,
ostracods and molluscs also occur, and stylolites are common. The boundstone fabric,
presence of algae and abundant micritization indicate deposition in the photic zone (<30
m water depth) with abundant baffling of mud.

Dark mudrock (Fig. 2.3G, 2.4G): This facies covers ~ 2% of the studied sequence
(~ 0.37 m thick) typically occurring at the base of the sequence and exhibiting a very
sharp contact with the carbonate facies below and above. We use the term “mudrock™ to
refer to non- fissile siliciclastic mudstone. To describe this facies in detail we also
considered the analogous mudrock facies above SB 400. In general the mudrock facies is
dark gray to greenish in color (N4 to 5G 4/1 in Munsell color scale) and lacks macrosopic
bedding and fauna. Carbonate content in the mudrock facies varies from ~ 3 to 20 %. In
thin section, we (Sur et al. in review b) recognize subtle pedogenic structures such as
downwardly bifurcating (inferred root) traces, randomly oriented slickensides, clay
cutans, rare carbonate nodules with circum- granular cracks and bright clay fabric (sepic
plasmic fabric). Based on these pedogenic features the mudrock is interpreted as a

paleosol; this is also consistent with its stratigraphic position directly atop carbonate
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exhibiting calcrete development (see below). It also contains scattered pyrite, which we
infer to reflect a marine influence. Overall, the dark gray- green mudrock, invariably
associated with sequence boundaries, is interpreted to record pedogenesis of a fine-
grained siliciclastic deposit, and subsequent transgression. We further examine the origin
and depositional environment of the mudrock in a later section.

A dolomitized interval occurs close to the middle of the studied sequence; the
dolomite is largely fabric destructive and likely formed during deep burial diagenesis
(Saller 1999).

The stratigraphic column of the measured section with all facies is shown in fig.

2.5A.

Sequence- and cyclo- stratigraphy

As described by Saller et al (1999c; 2004) Virgilian (Gzhelian) strata of the
Reinecke Field are predominantly carbonate and, like other Pennsylvanian strata from
this region (e.g. Yang et al. 1998; Saller et al. 1999b) form repetitive successions of
facies varying from 15- 30 m thick and bounded by subaerial exposure surfaces
(sequence boundaries). These exposure surfaces are identified by fractures, inferred root
traces, caliche layers, brecciation and negative excursions of bulk- rock stable carbon and
oxygen isotope ratios (Saller et al. 2004; Dickson and Saller 2006). As described above,
some cycle boundaries are marked by a thin interval of dark gray- green mudrock
abruptly juxtaposed between the subjacent exposure surface and superjacent shallow
water grainstone (bioclastic, foram/algal, oolitic) facies. Observation from seven cores

(work of Saller 1999) of the Reinecke Field reveals that this mudrock facies varies in

32



thickness from 0.02 to 1 m (e.g. Dickson and Saller 2006). In general, the mudrock is
thicker and more continuous above SB 400 and becomes discontinuous above successive
sequence boundaries. Where the mudrock facies is absent the sequence begins with
shallow- water grainstone to packstone which yields to deeper- water wackestone
succeeded by photic- zone phylloid algal boundstone in the middle and is ultimately
capped by shallow- water grainstone. In this sequence the upper grainstone facies is
thicker than the basal grainstone facies. Saller et al. (1999¢; 2004) presented a general
depositional model which is consistent with our observations.

Saller’s (1999) work indicates the presence of several bioclastic grainstone
intervals within the Reinecke sequences. These grainstone- bounded intervals are 0.5 m-
3.1 m thick and do not exhibit subaerial exposure but may represent high- frequency
cycles within more major (4™ order) sequences.

Saller et al. (2004) inferred that each major sequence in the Reinecke Field
represents a transgressive- regressive cycle. We infer that the major sequence boundaries
mark the lowstand system tracts (LST) of the major sequences. The occurrences of
mudrock at these major sequence boundaries are interpreted to record influx of fine-
grained siliciclastic material deposited both during exposure (LST) and initial sea level
rise (early transgressive system tract, TST) (see further discussion in a later section). The
late TST of the low- frequency cycle is dominated by bioclastic packstone, the maximum
flooding surface (MFS) is here interpreted to be marked by the deposition of bioclastic
wackestone, the deepest- water facies in the sequence. During the highstand system tract
(HST), the rate of change of low- frequency relative sea level decreased, resulting in

progressively reduced accommodation space. Accordingly, the early to middle HST is
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dominated by phylloid algal boundstone and bioclastic packstone, whereas the late HST
is marked by bioclastic and foram/algal grainstone ultimately truncated by subaerial
exposure that produced meteoric diagenesis during the LST.

The sequences observed in the Reinecke section are inferred to have been forced
by late Paleozoic glacioeustasy, both owing to their own attributes and to regional
considerations. For example, subtidal facies within the sequence are directly capped by
subaerial exposure surfaces with expected intermediate facies (e.g. peritidal) missing.
These types of abrupt facies changes reflect high amplitude sea- level change (e.g.
Soreghan and Dickinson 1994) and are characteristic of “icehouse” carbonates (e.g.
Goldhammer et al. 1991; Soreghan 1994b; Read 1995; Bishop et al. in review) formed
from high- amplitude glacio- eustasy.

Furthermore, many other studies of Pennsylvanian carbonates from the greater
Midland basin and surrounding regions have documented cyclic carbonate sequences
inferred to reflect glacio- eustasy (e.g. Yancey and McLerran 1988; Boardman and
Heckel 1989; Reid and Reid 1990; Yang et al. 1998; Yang and Kominz 1999; Saller et al.
1999b). Demonstration of high- amplitude (>80- 100 m) glacio- eustasy from age-
equivalent middle Virgilian (Gzhelian) bioherms by Soreghan and Giles (1999) further

supports a glacio- eustatic origin for the Reinecke cycles.

Sedimentology of the silicate mineral fraction (SMF)
SMF in the dark mudrock facies:
Petrographic study (e.g. binocular, SEM, microprobe) of the SMF of the Reinecke

mudrock reveals that quartz and clay (illite) are the dominant components, followed by
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muscovite, potassium feldspar, plagioclase feldspar, zircon and biotite, in decreasing
abundance.

Most of the quartz is subrounded to subangular in shape; some exhibit clay
coatings or pitted surface textures and are inferred to be of detrital origin. Very angular,
vitreous quartz also occurs (Fig. 2.6A) and appears to reflect a volcanic origin (i.e.
phenocrysts). To check that these are not a contaminant from laboratory glassware (e.g.
beakers, stirring rods, pipets) we analyzed these grains under SEM attached with an EDS
(energy dispersive X- ray spectroscopy) to confirm the quartz composition. Authigenic
quartz does not occur in the mudrock facies. Grain size analyses of the total SMF reveals
mean, median, and modal sizes of ~ 6 um, ~ 5.5 uym and ~ 5 um respectively (Fig. 2.5D,
E, F). The clay- sized fraction, very fine to medium silt- sized fraction, coarse silt fraction
and sand- sized fraction constitute ~ 43 %, ~ 46%, ~ 7% and ~ 3% of the total SMF
respectively.

SMF in the carbonate facies:

Petrographic study (e.g. binocular, SEM, microprobe) of the SMF from the
carbonate facies reveals quartz as the dominant component, followed by clay (illite),
muscovite, plagioclase feldspar, hornblende and heavy minerals (rutile, tourmaline,
magnesian chromite), in decreasing abundance.

Quartz in the SMF occurs as both doubly terminated euhedral crystals (Fig. 2.6B)
and as rounded to subangular grains exhibiting pitted to fractured surface textures (Fig.
2.6C). The doubly terminated crystals are inferred to be authigenic on the basis of their
morphology and the presence of host carbonate inclusions in the quartz grains, whereas

the others are inferred to be of detrital origin. The doubly terminated authigenic quartz
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constitutes ~ 95% (visual qualitative estimate) of the total quartz fraction in the SMF of
the carbonate facies and exhibits various size ranges. Silicified fossil fragments or chert
also occur, but are very rare overall. We sieved (through 63 um) the SMF to eliminate
any large chertified fraction (Sur et al in review b).The coarser sand material typically
constitute a very small fraction < 10 % of the total (all- sized) SMF and nearly all of the
SMF is silt- sized. The grain size analyses of the total SMF reveals mean, median, and
modal sizes of ~ 18.75 um, ~ 25.54 um and ~ 31.3 pm respectively, and the grain- size
distribution is fine- skewed (Fig. 2.5C, D, E). Similar to the SMF of the mudrock, the
SMF of the carbonate facies also contains very angular, vitreous sand- sized quartz grains
exhibiting concoidally fractured surface textures (Fig. 2.6D) which we similarly infer to
have originated as volcanic phenocrysts. Out of a total of > 300 carbonate samples
processed (representing > 15 kg of starting material), we recovered only three grains of
sand- sized biogenic silica (probable radiolaria and dinoflagellates) (Fig. 2.6E, F).
Plagioclase feldspar, hornblende and heavy minerals (rutile, tourmaline, magnesian
chromite) together constitute <1% of the SMF. Plagioclase feldspar (much <1%) was
only observed below SB 300. The euhedral habit of these feldspars indicates a probable
authigenic origin. Muscovite and heavy minerals are distributed throughout the studied

interval.

Stratigraphic distribution of the SMF
The amount (weight percent) of SMF in carbonate facies varies over 2 orders of
magnitude (0.015 % to 6.69 %) through the studied glacio- eustatic cycle (Fig. 2.5B) [see

Appendix Table 2A.1 for SMF data]. It increases at sequence boundaries (SB 300 and SB
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200) and, secondarily, within shallow- water facies (bioclastic grainstone, foram/algal
grainstone, fusulinid packstone, bioclastic packstone) and is very low within deeper-
water facies (bioclastic wackestone). The amount (weight percent) of SMF in the
mudrock varies from 81.6 to 97.6 %. Minor, high- frequency fluctuations in amount of
the SMF are also evident from the SMF vs. depth plot (Fig. 2.5B). To minimize the
differential compaction effect of different depositional facies on the SMF trend, we
decompacted the SMF trend using Goldhammer’s (1997) decompaction algorithms [see
Appendix Table 2A.2A and Table 2A.2B]. However, the general trend remained the
same; hence, for additional (e.g. spectral) analyses, we use the raw data in order to

minimize data manipulation.

Geochemistry and provenance of the SMF

A total of 30 carbonate and 5 mudrock samples from the study section were
analyzed (ICP- MS) for bulk rock geochemistry (Table 2.2 and Appendix Table 2A.3).
As weathering, sorting, diagenesis and metamorphism all influence geochemical
composition, we performed an element immobility test by plotting pairs of
characteristically immobile elements (Al, Ti, Zr, Nb, and Y) (Fig. 2.7A, B, C). Our data
suggest that Ti, Zr and Nb are relatively immobile in the mudrock and Al and Zr are
relatively immobile in the carbonate facies. Some observed scatter of the data in the
carbonate interval probably reflects sorting during deposition. A plot of Al/Zr with depth
(Fig. 2.8B) shows that the ratio increases close to SB 300 and 200 with some variation

within the sequence.
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The CIA (Chemical Index of Alteration) was developed by Nesbitt and Young
(1982) as a measure of chemical weathering and is a ratio of oxides = [ALLOs/ (ALLO3 +
CaO* + Na,O + K,0)] * 100 where CaO* represents silicate- bound Ca. In this study
CaO* is calculated using the equation CaO* = 0.35 * 2 * (wt% of Na,0)/62 (e.g. Honda
et al. 2004) where plagioclase components were assumed to be of average Upper
Continental Crust (UCC) composition and Ca:Na ~ 1:3 (e.g. Honda et al. 2004). The plot
of CIA with depth (Fig. 2.8D) also increases close to SB 300 and 200 with average values
in mudrock of ~75, in carbonate close to the sequence boundary ~ 68, and in carbonate in
the middle of the sequence ~ 51.

The high CIA and high Al/Zr values of the sediments close to sequence
boundaries could reflect either, 1) high in situ weathering of carbonate during exposure
or, 2) influx of fresh siliciclastic allochthonous sediment that weathered in situ post-
depositionally or, 3) allochthonous influx of highly Al- rich materials. Within the third
option there are several possibilities; a) influx of pre- weathered, clay- rich allochthonous
sediments, b) influx of predominantly clay minerals owing to long- distance transport
and/or weak transporting wind, ¢) a combination of the above. Our data show that the
SMF varies from 0.19 to 2.5 % in the carbonate rock immediately below SB 300 (below
the mudrock). Therefore to produce ~ 0.37 m of mudrock (SMF = 81.6 to 97.6 wt %)
would require a geologically unreasonable amount (~ 200 m) of carbonate dissolution.
This is very unlikely for the Reinecke field where exposure- related dissolution was
minor, evidenced by an absence of major karstification (e.g. brecciation; pers. commun.,
A. Saller, 2008). Thus, high in situ weathering of carbonate as a major cause of the high

CIA and Al/Zr values is unlikely and suggests an allochthonous source to explain the
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high CIA and Al/Zr values. Weak development of the pedogenic structures, lack of
horizonation and the change of Ti/Zr ratio through the mudrock profile (Fig. 2.8C)
suggests that the high CIA and Al/Zr values near sequence boundaries are more a
function of provenance than in situ weathering of fresh siliciclastic material. Hence,
either influx of pre- weathered, clay- rich allochthonous sediments and/ or influx of
exclusively clay minerals related to source distance could explain the high CIA and Al/Zr
values near sequence boundaries.

Geochemical composition of shales provides valuable provenance information
(e.g. Schieber 1992; Totten et al. 2000). Owing to the very low SMF content in the
carbonate facies, we were unable to obtain reliable geochemical data from bulk carbonate
facies. We therefore relied on the mudrock geochemistry for assessing the provenance of
the SMF for the study interval. We also used geochemical data of the average upper
continental crust (UCC) and Colorado Plateau Crust (CPC) (model for metasedimentary,
metavolcanic and igneous rocks of ARM basement) from Taylor and McLennan (1985)
and Condie and Selverstone (1999), respectively, to compare with our data.

The Th/Sc ratio provides a convenient and sensitive index of bulk composition
(e.g McLennan et al. 1993). Th is incompatible and Sc is compatible in igneous
processes, so Th/Sc increases with increasing magma differentiation. For UCC, the Th/Sc
is 1 £ 0.1 and lower values indicate relative enrichment of compatible elements (Sc) and
thus a more mafic source (Taylor and McLennan 1985). The Th/Sc ratio in the CPC is
0.25. The average Th/Sc ratio for mudstone in the Reinecke Field varies from 0.59 to

0.82, and thus may indicate contributions from both sources.
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Similarly, a plot of Cr/Th vs. Th/Sc plot for shales have been used by various
workers (e.g. Totten et al. 2000; Raza et al. 2002) to interpret provenance. For the studied
mudrock the trace elements show (Fig. 2.9A) that composition of the mudrock is similar
to UCC but includes a minor contribution from more mafic sources.

Owing to the immobile character of Al and Ti, Al:Ti ratios indicate average
provenance composition (e.g. McLennan et al. 1979; Schieber 1992). The crossplot of
AL O3 vs. TiO; for the mudrock (Fig. 2.9B) is consistent with the other ratio plots
discussed above and similarly indicate a mixed source.

Furthermore, presence of magnesiochromite (in carbonate) probably indicates
direct derivation from an ultramafic rock or recycled derivative of these rocks. Presence
of volcanic quartz and biotite (e.g. Potter et al. 2005) indicate direct derivation from

volcanic ash.

Spectral analyses and periodicities of the SMF record

Similar to the late Cenozoic, many studies from the late Paleozoic have suggested
a dominant Milankovitch- control for high frequency eustasy and cyclothem formation
(e.g. Heckel 1986; Goldhammer et al. 1991; Yang and Kominz 1999). Therefore we
applied spectral analysis to assess Milankovtich-scale (104-105 yr) periodicities in the
SMF record, using Analyseries — version 2.0.4 (Paillard et al. 1996). The uncertainty in
geological age always imposes the most critical challenge in accessing periodicity in rock
records (Berger et al., 1991). Using age models the estimated duration of our studied
section ranges from 133 to 1156 kyr and includes significant uncertainties owing to large

errors associated with age dating for these upper Pennsylvanian strata (Table 2.3). This
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limits the use of any one age model for time series analysis. Hence, the periodicity of
SMF data was assessed using spectral analysis of SMF- depth series (SMF weight
percent plotted against cumulative depth) where depth to time conversion of statistically
significant peaks were done using calibration technique discussed below. Spectra of the
carbonate section between SB 200 and 300 were computed, excluding the basal mudrock
owing to different lithology and very high SMF values relative to the rest of the SMF
dataset from the carbonate.

The SMF record shows an apparent long-term trend with relatively high values at
the lower and upper parts (Fig. 2.10A, B, C, D). The strong peak of this trend at a low
frequency suppressed the high-frequency peaks on the spectrum of the raw SMF record
computed using the Multi-Taper method (MTM) of Thomson (1982; Fig. 2.11). Thus, the
raw SMF depth series was detrended in order to analyze the high- frequency components.
The middle interval (cumulative depth from 6.9 to 21.9 m) exhibits an insignificant linear
trend (R2 = 0.0001) whereas the top and bottom sections show moderate linear trends
(R2 =0.456 and 0.31 respectively). The linear trends were subtracted from respective
intervals to form a detrended SMF depth series (Fig. 2.10E). We also experimented
various second-order polynomial detrending schemes which produced similar spectral
results. To avoid excessive data manipulation, the composite depth series with linear
detrending was used in subsequent spectral analyses.

Depth- SMF pairs were imported in Analyseries (Paillard et al. 1996). The spectra
of the composite SMF depth series were computed using the algorithms of Paillard et al.
(1996) of the Maximum entropy (ME) and Multi-taper methods (Thompson 1982; Berger

et al. 1991). The two methods produced similar spectral results. MTM spectra have a
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lower resolution than ME spectra, but have confidence levels independent of spectral
results to allow selection of statistically-significant spectral peaks. In this study, a peak is
regarded as statistically significant when its confidence level is 85% or greater (Fig.
2.12A).

The periods of statistically significant spectral peaks were calibrated using a
procedure similar to that of Yang and Lehrmann (2003). The period of a Milankovitch
cycle was assigned to a peak. This calibration scheme then allowed calculation of periods
of other peaks. The periods were then compared with those of Milankovitch climatic
cycles in late Paleozoic as predicted by Berger et al. (1992). Multiple calibration schemes
were experimented. The scheme that resulted in a maximum number of Milankovitch
peaks was selected (Table 2.4). The spectral configuration of the raw SMF depth series
(Fig. 2.11) is similar to that of the detrended composite series (Fig. 2.12), suggesting that
detrending did not contribute any spurious peaks but increased the power of high-
frequency peaks.

It is well known that the dominant Milankovitch climatic forcings (i.e.
eccentricity, obliquity, or precessional index) vary temporally at a specific site (e.g.,
Yang and Kominz, 1999; Yang and Lehrmann, 2003; and references therein). Thus,
spectra of overlapping segments of the depth series were computed as evolutive spectra
(Fig. 2.13) to detect any temporal changes in dominant periodicities during carbonate
deposition. Evolutive spectra may also eliminate the effects of possible long-term
variations in sedimentation rate (e.g., Yang and Lehrmann 2003). The calibration scheme
used in calibrating the entire depth series was used to calibrate the periods of peaks on the

evolutive spectra.
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Six out of eight statistically-significant MTM spectral peaks from the detrended
SMF depth series (Fig. 2.12A) have periods similar to those of late Paleozoic (300 Ma)
Milankovitch cycles using the adapted calibration scheme. The spectral peaks with
calibrated periods of 345-258 kyr and 90-79 kyr may match with the long (413 kyr) and
short (123-95 kyr) eccentricity peaks (Berger, 1977), respectively; peaks at 31.8-30.8 kyr
with short obliquity (34.2 kyr); and peaks at 23.2-22.2, 21.1-20.2, 16.2-15.9 kyr with
precessional index (20.7 and 17.4 kyr) peaks (Berger et al., 1992). The remaining two
statistically-significant non-Milankovitch peaks have periodicities at 11.5-11.3 kyr and
55-51 kyr, respectively. The 11.5-11.3 kyr peaks may be that of the 9.7-kyr
constructional tone of short and long precessional index cycles as detected by Yang et al.
(1995) and Yang and Lehrmann (2003) in cyclic shallow platform-carbonate successions.
The periods of these peaks are also within the range of non-Milankovitch spectral peaks
(15.4-10.8 kyr) caused by non-linear response with combination of forcing frequencies
(Berger et al. 1991). The 55-51-kyr peak may be the ~ 50-80-kyr peaks as the
combination tone of short and long precession index with short obliquity cycles (Yang
and Kominz 1999). Berger (1977) also predicted some non-Milankovitch periodicities
(e.g., 50, 54, 59 and 64 kyr) in geologic records due to combination of two or more
Milankovitch periodicities which may be represented by 51-55-kyr peaks in the SMF
spectra.

The spectral results and calibration of MTM spectral analyses are supported by
the results of ME spectral analysis. The uncertainties in the period calibration of SMF
spectral peaks against Milankovitch cycle periods may be attributable to various

depositional and diagenetic factors that could have distorted or altered any original
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Milankovitch climatic signals in the SMF record. Diagenetic processes, such as selective
formation of stylolites and Dolomitization and differential compaction among carbonate
facies. The six different carbonate depositional facies may have had different
sedimentation rates, which invalidate the assumption of a uniform sedimentation rates for
all facies in our spectral analyses (Yang et al. 1995; Yang and Lehrmann 2003; Yang et
al. 2004). The limited length of the SMF record may prevent confident delineation of
long-eccentricity cycles. Nonlinear transformation of Milankovitch climatic forcing by
sedimentary processes, long-term variations of sedimentation rate and associated
sedimentary processes together with the chaotic nature of the orbital forcing may also
contribute to the uncertainties in period calibration. Finally, many other autogenic and
allogenic non-Milankovitch processes (e.g. volcanic input) active during the formation of
the SMF record further complicates the spectral characteristics.

The average sedimentation rate of the SMF record was estimated from the
adapted period calibration as 4.9 cm/kyr. It is similar to the lower limit of estimated
effective sedimentation rate (7 cm/kyr) of Virgilian-Wolfcampian carbonate rocks in the
adjacent Eastern Shelf (Yang and Kominz 1999), and to the estimated accumulation rate
of Strawn (3.3 cm/kyr) and Cisco (1.4 cm/kyr) carbonates on the Central Basin Platform
(Saller et al. 1999b). The estimated duration of the studied sequence computed by
dividing sequence thickness (23.88 m) by the average sedimentation rate is ~ 483 kyr.
However, this value does not incorporate the time involved during exposure represented
by the mudrock. In a study from approximately coeval strata of the upper Paleozoic
Central Basin platform, Saller et al (1999c¢) used the intensity of early diagenesis and

porosity evolution to estimate an exposure duration of 5 to 50 kyr. Similar attributes, and
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hence intensities, prevail in the studied exposure surfaces. Using Saller’s values for
exposure, the estimated duration of the studied sequence is 488 to 533 kyr which falls
within the range of age models (133 to 1156 kyr; Table 2.3) for the studied sequence. Our
results, which yield, 1) a dominance of statistically significant Milankovitch- related
peaks, 2) a reasonable sedimentation rate, and 3) age relations that approximate published
age models suggest that the adapted calibration scheme is reasonable and Milankovtich
precessional, obliquity and eccentricity signals are present in the SMF record.

The evolutive spectra (Fig. 2.13B to I) clearly demonstrates varying dominance of
forcings of precessional index, obliquity, and short-eccentricity during the formation of
the SMF record. Short precessional index and obliquity signals are significant in the
lower 7.5 m, which evolved to short eccentricity and precessional index signals in
overlying 7.5-15-m section. Precessional index and short obliquity signals become
predominant again in the 12.5-20-m interval, followed by significant short eccentricity,
short obliquity and short precessional index signals in the 17.5-22.5-m interval. The
spectra for the 20-25-m interval is incomplete and cannot further evaluated. The evolving
Milankovitch forcings suggest that during incipient interglacial time (lower section, Fig.
2.13I and J) SMF periodicity was mainly controlled by precessional index and obliquity
cycles, whereas during the interglacial time (middle section, Fig. 2.13F and G) SMF was
controlled by short eccentricity and precessional index cycles, followed by the dominance
of short eccentricity, obliquity and precessional index cycles during interglacial to
incipient glacial time (upper section, Fig. 2.13C, D and E). The dominance of
Milankovitch orbital forcing in the SMF composite data as well as in the evolutive

spectra suggests that high-frequency fluctuations of the SMF were probably controlled, at
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least in part, by varying strength of Milankovitch precessional, obliquity and short
eccentricity forcings, and the long- term trend in SMF was probably controlled by long

eccentricity forcing through the glacial-interglacial cycle.

Origin of the SMF
Origin of the sequence- bounding mudrock:

Several possibilities exist for the origin of the SMF in the studied rocks: a) fluvio-
deltaic input through distal turbidite plumes; b) concentration of insoluble residue by
dissolution of host carbonate rock; or ¢) deposition by aeolian dust (continental and /or
volcanic origin). We assess each of these below.

a) Fluvio- deltaic input via distal turbidite plumes: Horseshoe Atoll of the
Midland basin was an isolated carbonate buildup surrounded largely by basin- rimming
carbonate shelves during Virgilian (Gzhelian) time. The contemporaneous fluvio-deltaic
system was present in the western (Central Basin platform) and eastern part (Eastern
shelf) of the basin, which prograded basinward (up to ~ 100 km, Fig. 2.14A, B) during
lowstands to feed submarine fan systems of the deep basin (e.g. Cleaves 2000). Within
Horseshoe Atoll, however, lowstand intervals are recorded by exposure surfaces
developed atop subtidal carbonate and the mudrock is juxtaposed between the sequence
boundary and the early transgressive foram/algal grainstone. Hence, the timing of
deposition of the mudrock precludes an origin via fluvio- deltaic plumes.

b) Concentration of insoluble residue by dissolution of host carbonate rock: As
noted previously, our SMF data demonstrate that the carbonate strata in the studied

system are typically very pure (typical residue values are < 0.5%). Therefore, formation
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of the mudrock via dissolution would require geologically unreasonable amounts of
limestone dissolution (nearly 200 m) and thus can be ruled out.
c) Deposition by aeolian dust (continental and /or volcanic origin):

Volcanic dust: The presence of very angular, vitreous quartz, together with
biotite grains in the mudstone suggests derivation from a volcanic source (e.g. Potter et
al. 2005) as noted above. Moreover, mixed felsic (predominate) and mafic (subordinate)
composition of the mudrock provenance, together with the presence of coeval volcanism
in the greater region (Fig. 2.14A, B), notably the Las Delicias volcanic arc of northern
Mexico (e.g. Lopez 1997) further supports the possibility of a volcanic dust contribution
to the study section. Such a mechanism, however, would produce influxes of silicate
material at random intervals; in contrast, the pattern of our SMF data appears non-
random, and possibly periodic. Hence, we reason that volcanic dust, although present,
cannot be the major component of the SMF.

Continental dust: The presence of numerous subrounded to subangular
detrital quartz grains and a mean particle size of fine silt (~ 6 um), which is readily
transportable by wind, suggests that windblown dust forms a major proportion of the
SMF. This is consistent with the growing recognition of aeolian dust deposits (loessite) in
late Paleozoic western equatorial Pangaea (e.g. Soreghan et al. 2008a and references
therein).

Origin of the SMF in the carbonate
As discussed earlier, the SMF in carbonate facies is dominated by authigenic
quartz (Fig. 2.6G) which could ultimately derive from various sources as follows: a)

fluvio-deltaic plumes; b) submarine volcanism; c¢) dissolution-reprecipitation of biogenic
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silica (sponge spicules, radiolaria, diatoms, dinoflagellates); d) compaction of associated
siliciclastic facies; €) marine upwelling; or f) dissolution-reprecipitation of aeolian dust
(continental and/or volcanic ash).

a) Fluvio- deltaic plume: The contribution of material from fluvio- deltaic plumes
can be ruled out for the SMF in carbonate facies for the reasons forwarded above, i.e., the
isolation of the Horseshoe Atoll from any fluvio- deltaic input, and the trapping of
siliciclastics landward during transgression.

b) Submarine volcanism: Submarine volcanism has never been reported from the
Midland basin and thus is not considered a viable source for silica.

¢) Biogenic source (sponge spicules, radiolaria, diatoms, dinoflagellates): In our
analysis of > 300 carbonate samples through the study interval, representing ~15 kg of
material, we have found only 3 grains of biogenic silica (radiolaria and suspected
dinoflagellates, Fig. 2.6E, F). No sponge spicules have been observed in thin section, nor
in the SMF. Furthermore, siliceous spicules, which are more characteristic of slope
facies, are very rare overall in strata of the studied sequence (pers. commun., A. Saller
2009). Moreover, it is difficult to explain the systematic trend of the SMF by biogenic
silica, which is otherwise absent or randomly distributed.

d) Clay diagenesis: An allochthonous source of silica for the authigenic
component could derive from transformation of smectite to illite during burial diagenesis.
Although thick shales occur in the basinal facies, derivation of silica in this manner is
unlikely for the following reasons. Such migration of silica- rich fluids would likely
exploit permeable conduits such as fractures and porous facies. Yet, authigenic quartz is

distributed throughout all facies, with no lenses of authigenic quartz and no preferential
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occurrence in the most permeable facies (e.g. phylloid algal boundstone facies, e.g. Saller
et al. 2004). Furthermore, systematic trends in oxygen and carbon isotope values across
the sequence boundaries and their correlation across the other wells of the region (Saller
1999; Dickson and Saller 2006) do not support the possibility of major silica- rich fluid
migration. The slightly higher values of *’St/**Sr (average 0.70837) near the mudrock of
SB 300 relative to coeval marine carbonate (~ 0.70830) may reflect a minor contribution
from clay mineral diagenesis of the mudrock above SB 300 (pers. commun., T. Rasbury,
2008). However, this would not provide a significant source of silica to explain the
general trend of the SMF (Fig. 2.5B, C, D, E), as authigenic quartz is distributed
throughout the section and high enrichment also occurs close to the sequence boundary
lacking associated mudrock (SB 200). Finally, clay mineral diagenesis from clay within
the carbonate facies is a very unlikely source of silica because clay generally composes
<0.5% of the carbonate rock.

e) Marine upwelling: Silica can also be supplied by marine upwelling as
upwelling brings cold, nutrient- rich water from intermediate depths to surface depths.
The multiple basins of the ARM system and islands within the Midland basin area (Fig.
2.14A, B) during late Pennsylvanian time, however would have made it difficult to
generate conditions favorable for upwelling (Parrish 1982). Paleogeographic analyses
indicate modeled upwelling zones were far from regions of bioherm development (e.g.
Midland basin) (Kiessling et al. 1999). Similarly, Algeo and Heckel (2008) also argued
against upwelling as a major mechanism in epeiric late Pennsylvanian seas of western/

midcontinent North America owing to the paleogeographic setting and the absence of
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high primary productivity. Hence, upwelling as a major silica source in this area seems
unlikely.

f) Dissolution- reprecipitation of eolian- sourced (continental and/or volcanic)
material:

Volcanic dust: The presence of suspected volcanic phenocrysts (of quartz)
and relative proximity (< 500 km) of Horseshoe Atoll to active volcanism associated with
the Ouachita- Marathon suture zone and Las Delicias volcanic arc (e.g. Lopez 1997)
allow the possibility of volcanic dust as a source of authigenic silica. Such a source
should have been random through time, however. Hence, we reason that volcanism could
not be the major source of silica in the study section as it can not explain the observed
trend of SMF enrichment preferentially near sequence boundaries.

Continental dust: Well- rounded to subangular abraded, pitted, fractured
sand- sized quartz grains of detrital origin occur throughout the section, with the highest
concentration close to sequence boundaries. Thin section studies indicate that most of the
authigenic quartz occurs as individual crystals disseminated in the carbonate matrix, with
some of the larger doubly terminated quartz near sequence boundaries (exposure
surfaces) consistently exhibit fine to medium sand- sized detrital (quartz) cores (Fig.
2.6H, I, J). These types of detrital grains reflect a continental derivation. Corrosion along
their boundary (Fig. 2.6J) suggests they act as nuclei for authigenic quartz growth. If this
true, then the associated very fine- grained dust fraction, being more chemically reactive,
would have served as a source for authigenic silica (Cecil 2004). This hypothesis is
supported by the grain-size distribution histograms, which show a very fine-grained

(typically <4 um) population present within the mudrock but missing within the
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carbonate (Fig. 2.5C, D, E). This fine-grained background dust component should have
been present throughout carbonate deposition as well, so its absence merits explanation.
We hypothesize that this very fine-grained, chemically reactive fraction underwent early
post-depositional dissolution and reprecipitation in the alkaline marine (carbonate-
precipitating) waters, producing the coarser authigenic silica that dominates the SMF
fraction within the carbonates. Moreover, the inferred Milankovitch periodicities
observed in the SMF data of the carbonate are difficult to explain by any possible source
of silica other than climatically influenced variations in eolian dust, ultimately sourced
from continental dust with an occasional volcanic input. Recent recognition of abundant
eolian dust deposits (loess) in western equatorial Pangaea during late Paleozoic time (see
references above) and recognition of dust as a potential source for Phanerozoic bedded
chert (Cecil 2004), lend further support for this hypothesis.

From the above reasoning we conclude that the mudrock of the study section
represents loess (eolian dust) that accumulated primarily during subaerial exposure and
was subjected to pedogenesis. Presence of scattered pyrite in the mudrock suggests
marine reworking of the pedogenically modified loess during transgression.
Aggradational soils are common in Quaternary strata where aeolian dust constitutes much

of the pedogenic material (e.g. Jacobs and Mason 2007; Muhs et al. 2007).

Provenance of dust and wind direction
As discussed previously, geochemistry of the mudrock samples approximates
both UCC and CPC compositions. Hence, depending on wind direction, possible source

areas for the mudrock (and by extension, SMF) include: 1) lowstand (exposed) alluvial/
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deltaic deposits to the east, southeast, south and southwest of the Horseshoe Atoll (Fig.
2.14A), ultimately derived from metasedimentary/ metavolcanic and granite/ gneissic
rocks of the Amarillo- Wichita- Arbuckle uplift (part of ARM), 2) ARM uplifts to the
north, northwest and west, or 3) coeval loess deposits located to the north and northwest
and west (e.g. noted in Soreghan et al. 2008a).

Presence of volcanic quartz indicate direct derivation from a source of active
volcanism. Active volcanism existed to the south- southwest, e.g. the Las Delicias
volcanic arc of northern Mexico (e.g. Lopez 1997) which is also considered a possible
source for middle Permian ash beds of the Cherry Canyon sandstone of the Guadalupe
Mountains and subsurface equivalents (e.g. Nicklen et al. 2007). Therefore, it seems most
likely that the volcanic components in the SMF were derived from this south-
southwestern source.

Additionally, the presence of magnesiochromite (in carbonate) suggests direct
derivation from, and/or a recycled derivative of, an ultramafic rock. Depending on wind
direction, possible source areas for the magnesiochromite include: 1) exposed obducted
oceanic crust of the southern Ouachita Mountains (e.g. Totten et al. 2000), or 2) the
south- southwestern Coahuila and Sierra Madre terranes of Mexico (e.g. Centeno-Garcia
2005).

During Virgilian (Gzhelian) time the Midland basin was close to the equator (0°
to 5°) (Fig. 2.14A, B) and Walker et al (1995) inferred that wind patterns were zonal
easterlies. However, seasonal swinging of the ITCZ (intertropical convergence zone)
could have produced variable wind directions from southeasterlies in the northern

hemisphere summer to northeasterlies in the northern hemisphere winter. Most recent
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studies in western equatorial Pangaea suggest a dominantly zonal circulation pattern
during Desmoinesian (middle Pennsylvanian) time and monsoonal circulation by earliest
Permian time (e.g. M.J. Soreghan, et al. 2002; Tabor and Montafiez 2002). Given
monsoonal circulation in western equatorial Pangaea, the dominant winds would have
been westerlies during the northern hemisphere summer and southeasterlies during the
northern hemisphere winter (e.g. M.J. Soreghan et al. 2008). Data from the late Paleozoic
Cutler Formation (western equatorial Pangaea; M. Soreghan, unpublished) indicate a
probable transitional wind regime between dominant zonal and monsoonal circulation
during Virgilian (Gzhelian) time. In all scenarios of wind regime (zonal, transitional and
monsoonal), Horseshoe Atoll should have experienced south- southeasterlies, consistent
with our provenance data and consistent with the inference of a volcanic dust input from
the south and southwest. However, deciphering among the other potential sources from
the north, northeast or west is more difficult without additional provenance data (e.g.

detrital- zircon provenance study, Sm- Nd isotope study).

Timing of dust influx and relation to climate change

From the previous discussion, variation in the amount of SMF in the study section
provides an indicator of atmospheric dustiness that varied at both glacial- interglacial and
higher frequency (<10’ yr) scales, related to waxing and waning of ice sheets controlled,
at least in part, by Milankovitch- scale cyclicity. Various studies from low latitudes of
late Paleozoic North America have noted links between inferred glacioeustasy and
glacial- interglacial scale climate change (e.g. Cecil 1990; Soreghan 1994a, b; Rankey

1997; Olszewski and Patzkowsky 2003). However, the timing of climate change with
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respect to sea level remains debated. While some suggest low- latitude arid climate
during glacial lowstand and humid climate during interglacial highstand (e.g. Soreghan
1994 a, b; Rankey 1997; Olszewski and Patzkowsky 2003; Tramp et al. 2004; Soreghan
et al. 2007), others have inferred the opposite (e.g. Miller et al. 1996; Cecil et al. 2003).
The position of the Horseshoe Atoll in the interior of the Midland basin
combined with rapid subsidence of the basin during Virgilian (Gzhelian) time (e.g. Waite
1993) would have allowed subaerial exposure in the study section only during the late
stage of relative sea level fall (Rankey 1997). In the study section minimal amounts of
dust (SMF) occur within deeper- water carbonate facies and dust increases within
shallow- water facies near sequence boundaries. This suggest that, during interglacial
(highstand) phases, climate of the source region experienced more humid conditions,
enabling chemical weathering of the source material and lower dust influx to the study
area. Arid conditions and expansion of regions of eolian deflation during sea- level fall
and ensuing glacial lowstands likely allowed mobilization of weathered material (dust)
present from the previous interglacial, as indicated by high CIA and high Al/Zr values
near sequence boundaries. The high amount of SMF (inferred dust) at lowstands could
also reflect the lack of carbonate deposition during lowstands, and consequent lack of
dilution of the dust by carbonate accumulation, especially if the mudrock represents a
long-duration interval. However, this alone cannot explain our data, in part because the
SMF (dust) content in the shallow-water carbonate facies immediately below the
sequence boundary also exhibits large (1 to 2 orders of magnitude) increases relative to
the deeper-water facies (Fig. 5B). These increases are more than possible variations in

effective carbonate sedimentation rate (1 order of magnitude; Yang and Kominz 1999),
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and in fact oppose trends expected from changes in sedimentation rate alone, owing to
the relatively greater sedimentation rates in shallow-water facies. Hence, even after
considering the possible effects of changes in sedimentation rate we cannot account for
the increase in SMF content without calling upon increased delivery of dust to the system
at sea-level fall and lowstand. We thus infer greater aridity and dust availability during
sea-level fall, lowstand (and early transgression) which corresponds in general to the
glacial phase (Fig. 2.15A, B; Table 2.5).

These results are similar to atmospheric dust fluctuations inferred from the
Quaternary ice-core record (e.g. Petit et al. 1999). As, noted earlier, dust flux was 2 to 20
times higher than the Holocene during the Last Glacial Maximum (LGM; 20 kyr ago). To
compare the dust influx in the studied section with the LGM, we estimated the mass
accumulation rate (MAR; e.g. Rea and Janecek 1981) of the dust component in the
carbonate assuming a linear sedimentation rate (LSR) of 4.9 cm/kyr (estimated from
spectral analysis for the carbonate) and a density of 2.65 g/cm’ Initial porosity for the
various carbonate facies are taken from Goldhammer (1997; see Appendix Table 2A.2B).
Estimated MAR in the carbonate just below the exposure surface suggests that dust flux
was typically 4 to 10 times higher during sea- level fall relative to interglacial time. This
in turn suggests that dust flux was at least 4 to 10 times higher during the shift to glacial
time relative to interglacial time. The character of the sequence- bounding pedogenesis,
marked by minor pedogenic carbonate (within the mudrock) and lack of evidence for
major dissolution (karstification; pers. commun., A. Saller 2008) support this inference of

increased aridity at lowstand, although the vertic features within the pedogenically
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modified loess (Sur et al. in review a) suggest some seasonality of climate in the overall
drier glacial climate.

The glacial- interglacial and higher frequency (< 10° yr) variations in dust influx,
recorded in our data and elsewhere from late Paleozoic equatorial Pangaea, probably had
significant effects on radiative forcing and biogeochemical cycles and thus on the climate
system (Soreghan and Soreghan 2002; Soreghan et al. 2008a, b; Sur et al. in review a), a

hypothesis that merits further testing.

Conclusion

1) The silicate mineral fraction (SMF) extracted from carbonate rocks that formed
isolated from fluvio- deltaic input can be used as a proxy for atmospheric dust influx,
which is an indicator of various climatic parameters e.g. aridity, source area, atmospheric
circulation and atmospheric dustiness.

2) In the study area, dust influx varied significantly >10 times in the carbonate in
glacial- interglacial and higher scale (<10’ yr).

3) Higher scale (<10’ yr) variations in dust influx within the carbonate were
probably controlled, at least in part, by precession, obliquity and short eccentricity
influences on climate whereas the glacial- interglacial scale variation was probably
controlled by long eccentricity variations.

4) Dust influx and thus aridity and atmospheric dustiness peaked at sea level fall,
lowstand and early transgressive phases (glacial to incipient interglacial) and were lowest

during late transgression to highstand time (interglacial). During climatic transition from
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interglacial to glacial, dust flux was typically 4 to 10 times higher than during full

interglacial phases, similar to inferences for the LGM.
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Figure captions

Fig. 2.1—A) Location map of the Reinecke Field, Horseshoe Atoll and Midland basin.

B) Chrono- stratigraphy of the late Paleozoic showing both global and regional stages
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(modified after Saller et al. 1994; Wilde 1990; Gradstein et al. 2004). C) Generalized

stratigraphy of the Reinecke Field (modified after Saller 1999).

Fig. 2.2.—Flowchart for methodology to extract silicate mineral fraction from carbonate

(Sur et al. in review a).

Fig. 2.3.—Core photographs of depositional facies. A) Foram/algal grainstone just below
sequence boundary. Note rhizoliths (e.g. arrow). B) Bioclastic grainstone with abundant
fragmented crinoid grains (arrow). C) Bioclastic packstone. D) Fusulinid (arrow)
packstone. E) Wavy bedded bioclastic wackestone. F) Autobrecciated texture of the
phylloid algal boundstone. G) Dark gray- green mudrock just above sequence boundary

300 (arrow).

Fig. 2.4.—Photomicrographs of depositional facies. Horizontal field of view for A, B, C,
D, E and F are ~ 3 mm. A) Dasyclads and forams in foram/algal grainstone with
abundant pyrite (opaque grains). B) Bioclastic grainstone with dominant crinoid
fragments. C) Bioclastic packstone. D) Fusulinids in the fusulinid packstone. E) Very
sparsely fossiliferous bioclastic wackestone. F) Micritized phylloid algal plate in the
phylloid algal boundstone. G) Dark gray- green mudrock; horizontal field of view is ~ 8

mm.
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Fig. 2.5.—A) Litho-stratigraphic section of the study interval (core #266 from Reinecke
Field) covering SB 300 and SB 200. B) Total SMF raw data. C), D) and E) are grain- size

curve of total SMF of the mudrock and carbonate, illustrating the fine skewed population.

Fig. 2.6.—Photomicrographs of the SMF. A) SEM view of angular, clear quartz with
conchoidal fracture surfaces. B) SEM view of a doubly terminated (authigenic) quartz
grain. C) SEM view of a rounded and pitted sand- sized quartz grain. D) SEM view of a
shard- like angular detrital quartz grain. E) SEM view of a probable radiolarian. F) SEM
view of a suspected dinoflagellate. G) SEM view of a doubly terminated authigenic
quartz and clay in the SMF of carbonates. H) Thin section view of a doubly terminated
authigenic quartz grain with a detrital core; horizontal field of view is ~ 0.6 mm. I) SEM
view of nucleation of authigenic quartz on a detrital quartz grain. The detrital quartz
exhibits clay coating. J) Thin section view of a doubly terminated authigenic quartz grain
with a detrital core; horizontal field of view is ~ 0.6 mm. Arrow indicate dissolution

along the edges of detrital core.

Fig. 2.7.—A) Crossplot of Ti vs. Zr for mudrock. B) Crossplot of Nb vs. Zr for mudrock.

C) Crossplot of Al vs. Zr for carbonates. See text for discussion.

Fig. 2.8.—A) Generalized stratigraphy of the study section. B) Al/Zr. C) Ti/Zr within the

mudrock. D) Chemical Index of Alteration (CIA). See text for discussion.
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Fig. 2.9.—A) Crossplot of Cr/Th vs. Th/Sc for mudrock samples (diamond symbol). B)
Showing crossplot of Al,O3 vs. TiO; for mudrock samples (diamond symbol). The
“granite”, “6 granite+ 1 basalt”, “3 granite+ 1 basalt” and “basalt” lines are plotted from
McLennan et al. 1979. For both diagrams, UCC = upper continental crust; CPC =
Colorado plateau crust and UPL = upper Paleozoic loess. The data for UPL is taken from

Soreghan and Soreghan (2007).

Fig. 2.10.— A) Raw data (All- sized SMF) are plotted against cumulative depth (m)
showing long term trends. Dashed lines mark depths with different trend patterns used to
split the series in three intervals. Three regression equations, B, C, D corresponding to
depth range B) >21.9 m, C) 6.9-21.9 m and D) <6.9 m are computed. E) Detrended data

(All- sized SMF) is computed by subtracting trends from raw data.

Fig. 2.11.— SMF spectrum computed on raw- SMF data resampled at an equal interval
of 5 cm, finer than physical sampling interval (~10 cm).by MTM-Multi taper method of
Thompson (1982) with its significance level. Time periods (in kyr) corresponding to

some statistically significant (greater than 85% significance level) peaks are also given.

Fig. 2.12.— A) SMF spectrum computed on detrended-SMF data resampled at an equal
interval of 5 cm, finer than physical sampling interval (~10 cm).by MTM-Multi taper
method of Thompson (1982) with its significance level. B) SMF spectrum computed on
detrended-SMF data by Maximum entropy (ME) method. The frequency (0.009776)

marked by star is calibrated with the long precession cycle at 20.7 Kyr and all other peaks
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are computed based on the calibrated peak. Time periods (in kyr) corresponding to some
prominent peaks are also given. Statistically significant Peaks (greater than 85%

significance level) are marked by thick vertical lines.

Fig. 2.13.— A) Raw SMF data are plotted with depth (m) showing long term trends. B-J:
Evolutive spectra of detrended- SMF data. A window of 500 cm with and overlap of 250
cm is considered to create nine overlapping data series. B to J: for each of the series
spectra are computed (solid dark lines) by MTM method of Thompson (1982) with its
significance level (dashed line). MTM Amplitudes estimates are marked along left side
where as significance levels are marked along the right side of the Y axis. Dashed vertical
lines are Milankovitch line spectra for ~ 300 Ma (Berger et al. 1992) and constructional
tone. Star marks the calibration frequency. Some time periods (in kyr) corresponds to

significance level greater than 0.8 is also given.

Fig. 2.14.— A) and B) showing late Paleozoic paleogeography of Midland basin and
surrounding area during lowstand (A) and highstand (B) times. Sources used: Baldridge
2004; Blakey 1980; Brown 1973; Cleaves 2000; Dickinson and Lawton 2003; Frenzel et
al. 1988; Garcia 2005; Heckel 1980; Kues and Giles 2004; Mazzullo 1995; McGookey
2004; Pereira 2005; Poole et al. 2005; Soreghan et al. 2002; Soreghan and Soreghan

2007; Tabor and Montanez 2002; Wermund and Jenkins 1969; Yang and Kominz 1999.

Fig. 2.15.— A) Timing of dust influx with respect to relative sea level in the study

interval. For simplification we considered an idealized relative sea level curve. Low=
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average dust influx value >1 to <3 times of average minimum value; Moderately high=
average dust influx value >3 to <10 times of average minimum value; High= average
dust influx value >10 to <1000 times of average minimum value; Maximum= average
dust influx value up to 1000 times of average minimum value. HST= Highstand system
tract; LST= Lowstand system tract; TS= Transgressive surface; TST= Transgressive
system tract. B) Schematic of mudrock and carbonate deposition during various eustatic

phases.
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Figure 2.3
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Figure 2.4
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TABLE 2.1.— Summary of depositional facies

Bedding and

Facies name Lithology Grain type structure Environment Position in sequence
Fragments of algae (phylloid,
dasycladacean) and forams Sequence top (very late
Foram/algal Paclfstone t.o (t“b‘?l?r forams a_nd Clay seams; ngh.- energy sha_llow HST to early LST) and
. grainstone; fusulinids), crinoids, . subtidal to intertidal
grainstone . stylolites sequence base (very
grainstone bryozoans, ostracods, shoal carly TST)
molluscs, brachiopods and y
coated and micritized grains
. . Packstone to Fragments of cr1n91ds, tubular . Relatively high-
Bioclastic . forams, phylloid algae, Burrows; clay Sequence top (late
. grainstone; . . . energy shallow
grainstone . fusulinids, bryozoans, seams; stylolites . HST)
grainstone . . subtidal
tubiphytes and brachiopods
Fragments of crinoids, forams Variable posmons_ n
. s . the sequence, starting
(mainly fusulinids), phylloid
; from close to sequence
. . algae, tubiphytes, molluscs Locally burrows; Moderate energy
Bioclastic . S base (early TST) to
Packstone (e.g. gastropods), ostracods, clay seams; shallow subtidal; <20 .
packstone R . . mid sequence (early
micritized grains and stylolites m depth
. . HST) to close to
subordinate peloids and .
intraclasts sequence top (mid to
late HST)
Fusulinid WholF: fusulinids with ) Shallow subtidal: 5- Close to the base of the
ackstone Packstone subordinate fragments of Rare stylolites 20 m depth sequence (early to mid
p phylloid algae TST)
. . Wackestone Fragments of crinoids with . Mp deratel_y deep
Bioclastic . . Clay seams; subtidal environment .
to mudstone; subordinate fusulinids, . Mid- sequence (MFS)
wackestone . - locally stylolites ~ below wave base (>15
wackestone tubiphytes and phylloid algae
to 30 m)
Dominated by algae (phylloid
and others) with leached and
Wackestone S . .
micritized phylloid algal . Photic zone (<30 m .
. to . . Autobrecciated . Generally mid-
Phylloid algal . plates; also contains fragments ) water depth) with .
boundstone; D texture; . sequence (early —mid
boundstone of crinoids, forams, ostracods . abundant baffling of
packstone to . styloloites HST)
and molluscs; locally, mud.
boundstone .
tubiphytes and bryozoans
predominate over algae.
Massive; locally
Dark gray- green Dominated by silt sized quartz ~ micro- laminated; . At sequence boundary
mudrock Mudrock and clay; 3- 20 % carbonate pedogenic Terrestrial (LST to early TST)
structure
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TABLE 2.2.— Major and Trace Element

Depth Al Ca Fe K Mg Na S Ti Cr Th Zr CIA
(M) (Wi%)  (Wi%)  (wi%) (wi%) (W%) (wi%) (wi%) (Wi%) (ppm) (ppm) (ppm)

2106.05  0.03 36.4 0.03 0.01 0.16 0.01 0.03  <0.005 8 <0.2 <0.5 68.83
210528  0.04 36.5 0.05 0.01 0.17 0.02 0.04  <0.005 7 <0.2 <0.5 65.79
2104.88 0.02 36.1 0.05 <0.01 0.15 0.01 0.05 <0.005 8 <0.2 <0.5 71.81
2104.77 0.04 34.3 0.19 0.01 0.2 0.02 0.22 <0.005 6 <0.2 <0.5 65.79
2104.69 8.04 0.19 3.2 3.58 0.97 0.53 2.77 0.499 90 11.2 116 75.11
2104.60 8 0.15 2.88 3.51 0.99 0.52 2.4 0.492 90 127 1145 75.38
2104.50 7.98 0.81 3.31 3.46 1 0.51 2.97 0.461 89 14.5 1075 75.61
2104.41 8.04 0.14 2.56 3.51 1 0.54 2.03 0.491 90 13.3 115 75.37
2104.36 7.69 0.34 2.55 341 0.96 0.56 2.09 0.472 85 13 110 74.89
2104.29 0.12 34.2 0.08 0.05 0.17 0.02 0.05 0.005 6 0.2 1.6 72.16
2103.99 0.05 35.7 0.04 0.02 0.16 0.02 0.03 <0.005 3 <0.2 0.9 64.79
2103.20 0.04 34.3 0.13 0.01 0.77 0.02 0.02 <0.005 4 <0.2 0.8 65.79
2102.13  0.03 30.4 0.59 0.01 3.36 0.02 0.1 <0.005 2 <0.2 0.6 59.05
2100.61 0.03 24.3 11 0.01 6.11 0.03 0.06 <0.005 4 <0.2 0.7 51.71
2098.55  0.02 17.9 1.97 0.01 11.3 0.05 0.08  <0.005 2 <0.2 0.6 32.03
209553  0.02 18.4 1.45 <0.01 11.75 0.06 0.02  <0.005 4 <0.2 <0.5 31.29
2092.57 0.03 35 0.1 0.01 0.6 0.02 0.02  <0.005 2 <0.2 0.8 59.05
2091.54 0.02 36.1 0.03 0.01 0.14 0.02 0.02 <0.005 2 <0.2 0.5 49.02
2089.88 0.01 36.2 0.02 <0.01 0.14 0.03 0.02 <0.005 2 <0.2 <0.5 30.98
2089.04 0.03 41.8 0.03 0.01 0.15 0.03 <0.01 <0.005 <1 <0.2 0.6 51.71
2087.42 0.03 375 0.06 0.01 0.18 0.04 0.05  <0.005 2 <0.2 0.5 45.99
2086.39 0.02 36.9 0.03 0.01 0.15 0.03 0.02  <0.005 1 <0.2 0.9 41.65
2084.77 0.03 36.1 0.06 0.01 0.15 0.03 0.06  <0.005 3 <0.2 0.7 51.71
2083.98  0.02 35.2 0.11 <0.01 015 0.03 0.1 <0.005 2 <0.2 0.5 47.31
2082.91 0.02 37.4 0.04 0.01 0.17 0.03 0.04 <0.005 3 <0.2 <0.5 41.65
2082.30  0.01 35.9 0.98 <0.01 025 0.03 1.25  <0.005 3 <0.2 <05 30.98
2081.28 0.04 33.9 0.25 0.01 1.68 0.03 0.04 <0.005 3 <0.2 0.5 58.81
2080.67 0.02 35.8 0.08 <0.01 0.42 0.01 0.01 <0.005 3 <0.2 <0.5 71.81
2080.46  0.09 41.2 0.07 0.04 0.3 0.02 0.01  <0.005 5 <0.2 0.7 69.27
2080.35  0.07 35.4 0.13 0.02 0.51 0.02 0.07  <0.005 5 <0.2 0.8 72.03
2080.21 0.09 345 0.15 0.03 0.3 0.02 0.12  <0.005 4 0.2 1.3 72.84
2079.82 0.02 36.3 0.79 0.01 0.54 0.02 0.96  <0.005 4 <0.2 0.6 49.02
2079.59 0.04 32.4 0.94 0.01 142 0.02 0.96 <0.005 2 <0.2 1 65.79
2079.41 0.03 33.9 0.78 0.01 171 0.02 0.7 <0.005 2 <0.2 0.7 59.05
2079.16 0.04 34 0.5 0.01 0.64 0.02 0.54 <0.005 2 <0.2 0.9 65.79
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TABLE 2.3.— Age models

Calculated
Duration  Duration of time lnte_rval
Al del references Top (.)f B_ast_e .Of Model  Top Base of middle of studied
ge mode
Virgilian  Virgilian no. error  error Virgilian  Virgilian* sequence
(SB 300 to
SB 200){
(Ma) (Ma) My)  (My) (My) (My) (kyr)
Vadimir Davydov 299.7 302.4 1 na.  na 2.7 0.90 300
(pers. commun. 2008)
2 -0.8 -0.9 2.8 0.93 311
3 0 -0.9 2 0.67 222
4 0.8 -0.9 1.2 0.40 133
. 300.2 303.1 5 -0.8 0 3.7 1.23 411
Gradstein et al. 2004 (0.8) (0.9) 6 0 0 29 0.97 322
7 0.8 0 2.1 0.70 233
8 -0.8 0.9 4.6 1.53 511
9 0 0.9 3.8 1.27 422
11 -2.4 -3 4.4 1.47 489
12 0 -3 2 0.67 222
13 2.4 -3 -0.4 -0.13 n.d.
302 14 -2.4 0 7.4 2.47 822
Rasbury et al. 1998 (2.4) 307 (£3) 15 0 0 5 1.67 556
- 16 2.4 0 2.6 0.87 289
17 -2.4 3 10.4 3.47 1156
18 0 3 8 2.67 889
19 2.4 3 5.6 1.87 622
. 288.5 292 20 n.a. n.a. 35 1.17 389
Wilde 1990
- - 21 n.a. n.a. n.a. 1.00 333

* Age of middle Virgilian is estimated by dividing duration of Virgilian by three for all age models except model no. 21.

1 Time interval of the studied sequence is estimated by dividing duration of Middle Virgilian by three for all age models.

n.a. = Data not available

n.d. = Not determined as the computed age of Virgilian is negative for the age model
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TABLE 2.4.— Calibration scheme of SMF spectra

Precession-1
Precession-2
Obliquity-1
Obliquity-2

Eccentricity-1

Eccentricity-2

Constructional tone-

lt

Constructional tone-

zT

Expected Milankovitch
periodicity and
constructional tone during
300 Ma

Detrended data (All- sized SMF)

Calibration
scheme-1
(20.7 kyr

calibrated to

frequency =

0.009776)*

Calibration
scheme-2
(100 kyr

calibrated to

frequency =
0.002248)°

17.4 kyr (Berger et al. 1992)
20.7 kyr (Berger et al. 1992)
34.2 kyr (Berger et al. 1992)
42.9 kyr (Berger et al. 1992)

123 to 95 kyr (Berger.
1977)

413 kyr (Berger. 1977)
9.45 kyr

49.8 kyr

16.2 to 15.9 kyr
23.2 t0 20.2 kyr

31.8 to 30.8 kyr
not detected

90.0 to 79.6 kyr

345.3 to 258.7
kyr

11.5 to 11.3 kyr

55.9 to 51.7 kyr

19.6 to 19.2 kyr
28.0 to 24.5 kyr

38.4 to 37.3 kyr
not detected

108.7 to 96.1 kyr

417.0 to 312.5
kyr

13.9 to 13.7 kyr

62.5 to 67.5 kyr

* Calculated sedimentation rate = 4.94 cm/kyr.

¥ Calculated sedimentation rate = 4.44 cm/kyr.

‘ Constructional tone between short and long precessional index cycles (see text for details).

" Constructional tone by combination of short and long precessional index with short
obliquity cycles (see text for details).
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TABLE 2.5.— Summary of dust influx

Relative
variation
. L . Average of SMF  Atmospheric ~ Average
E”ﬁ;zgc C"gggc "e':]t‘/?r'gg%gﬂf SMF with dustiness  SMF MAR
P P (Wt%) respectto  andaridity  (g/cm*kyr)
minimum
SMF*
Early InC|p|_ent V_ery shallow 0.3034 3.76 Mod(_arately 0.022
glacial marine Carbonate high
LST Terrestrial mudrock
Late Glacial (pedogenically 89.7254  1113.22 Maximum 3.524
altered loess)
Terrestrial mudrock
(pedogenically
Early 'noipient - altered loessand )7 455 High 0.0506
interglacial very shallow to
TST shallow marine
carbonate
Late Interglacial Relatively deep 0.0806 1.00 Minimum 0.0033
marine carbonate
. 0.0806 -
Early  Interglacial Inter_medlate depth to 110128 Minimumto  0.0033 to
marine carbonate low 0.0089
HST 0.1036
Late Interglacial ~ orafowmarine 4056 4 g Low 0.0089

carbonate

* Relative variation of SMF is calculated by dividing average SMF (wt%) by minimum average SMF

(W1%).
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TABLE 2A.1: Stratigraphic location and SMF analysis

Depth

(m)
2106.05
2105.92
2105.86
2105.82
2105.77
2105.73
2105.68
2105.62
2105.41
2105.31
2105.28
2105.22
2105.18
2105.13
2105.07
2105.01
2104.98
2104.93
2104.88
2104.83
2104.77
2104.74
2104.69
2104.67
2104.64
2104.62
2104.60
2104.57
2104.55
2104.53
2104.50
2104.48
2104.46
2104.43
2104.41
2104.39
2104.36
2104.34
2104.29
2104.25
2104.20
2104.16
2104.10
2104.06
2103.99
2103.94
2103.87
2103.82
2103.76
2103.73
2103.68
2103.64
2103.58
2103.55
2103.46
2103.39
2103.35
2103.30
2103.24
2103.20
2103.12

Facies

b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-pkst
b-pkst
b-pkst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
mdrk
mdrk
mdrk
mdrk
mdrk
mdrk
mdrk
mdrk
mdrk
mdrk
mdrk
mdrk
mdrk
mdrk
mdrk
mdrk
fa-gst
fa-gst
fu-pkst
fu-pkst
fu-pkst
fu-pkst
fu-pkst
fu-pkst
fu-pkst
fu-pkst
fu-pkst
fu-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst

Bulk
Wt.

—

()
50.00
50.01
50.01
50.01
50.00
50.00
50.00
50.00
50.00
50.00
50.00
49.00
50.00
50.00
50.01
50.01
50.01
50.01
38.36
50.00
50.00
50.01
50.01
50.01
50.01
50.00
50.01
50.00
50.00
50.00
50.00
50.01
50.01
50.01
50.00
50.00
50.01
49.43
50.01
50.00
50.01
50.01
50.00
50.01
50.01
50.01
50.01
50.01
50.00
50.01
50.01
50.00
50.00
50.00
50.01
50.00
50.01
50.00
50.01
50.01
50.01

Insoluble

residue -
Organic
matter

(Wt%)
0.30
0.21
0.23
0.42
0.29
0.28
0.35
0.43
0.41
157
0.48
0.33
0.56
0.76
2.58
121
0.76
2.40
1.19
0.38
1.01
0.88

92.65

91.73

93.03

93.55

90.20

93.98

86.95

94.26

91.90

93.75

92.35

92.60

93.01

97.62

93.97

93.45
3.94
7.34
1.82
1.38
1.03
0.98
1.24
1.38
0.70
0.48
0.77
0.86
0.89
0.77
121
0.73
0.87
0.77
1.01
1.01
112
114
117

Silicate mineral fraction

Grain size of silt- sized SMF

- (SME)
siszletd ssiir;d Total .
(<625 (5625 (_AII— Mean Median Mode d10  d90 SD
sized)
um) um)

(Wt%)  (wt%) (Wt%) (um)  (um)  (Um) (um) (um) (um)
0.21 0.03 0.24 894 1212 2169 130 36.08 3.58
0.16 0.03 019 1731 2430 3797 283 6332 3.83
0.17 0.03 0.20 17.63 2473 3150 3.18 60.81 3.87
0.23 0.06 029 834 1199 19.76 1.09 3292 3.65
0.21 0.05 0.26 16.18 23.13 2870 230 54.99 3.84
0.20 0.04 0.24 1485 2033 26.14 191 5847 3.94
0.16 0.16 0.33 1341 1938 21.14 152 4850 3.90
0.14 0.16 0.30 1155 16.75 23.81 125 4544 4,05
0.13 0.16 030 1591 22.64 3458 206 59.02 391
0.45 0.30 0.76 7.67 13.01 21.69 0.54 40.44 5.12
0.26 0.14 0.40 1257 1834 26.14 132 47.90 4.05
0.20 0.05 0.25 937 1331 19.76 121 36.08 3.74
0.20 0.27 047 872 950 2381 1.67 39.53 3.33
0.17 0.54 0.71 18.88 26.97 4168 3.11 6584 3.77
0.25 2.24 249 1051 1371 2169 173 4054 3.44
0.43 0.26 0.69 12.18 1758 23.81 141 46.13 3.87
0.36 0.32 0.68 12.89 1842 2381 142 4880 3.92
0.53 0.36 090 9.87 13.76 19.76 119 40.66 3.91
0.41 0.44 0.86 12.13 16.90 28.70 1.34 5243 4.07
0.22 0.07 030 9.69 1248 18.00 1.76 34.84 3.31
0.42 0.52 094 10.89 1511 2169 137 4175 3.79
0.44 0.35 0.79 13.16 1847 26.14 144 56,52 4.16

nd nd 88.90 nd* nd nd nd nd nd
nd nd 87.87 nd nd nd nd nd nd
nd nd 92.42 nd nd nd nd nd nd
nd nd nd nd nd nd nd nd nd
nd nd 87.90 nd nd nd nd nd nd
nd nd 91.26 nd nd nd nd nd nd
nd nd 81.89 nd nd nd nd nd nd
nd nd 92.84 nd nd nd nd nd nd
nd nd 89.03 nd nd nd nd nd nd
nd nd 90.04 nd nd nd nd nd nd
nd nd 89.69 nd nd nd nd nd nd
nd nd 87.71 nd nd nd nd nd nd
nd nd 89.76 nd nd nd nd nd nd
nd nd nd nd nd nd nd nd nd
nd nd 93.02 nd nd nd nd nd nd
nd nd 91.74 nd nd nd nd nd nd
3.60 0.04 3.64 524 654 1030 0.82 23.62 3.62
6.66 0.03 6.69 369 350 254 0.97 1561 2.82
2.10 0.03 213 7.18 1034 16.40 0.87 29.57 3.89
114 0.02 1.16 748 10.75 1640 092 2832 3.78
0.72 0.09 0.81 9.78 1433 2169 1.05 3836 4.01
0.88 0.03 091 818 1162 1640 1.00 3137 3.78
1.00 0.09 1.09 992 1448 1976 106 38.80 3.98
1.27 0.04 131 846 1205 1800 104 3267 3.79
0.55 0.07 0.63 10.13 1461 21.69 120 3838 3.84
0.43 0.02 0.44 878 1237 18.00 112 3235 3.69
0.57 0.11 0.69 11.05 16.20 21.69 119 4154 3.95
0.80 0.02 0.83 880 12,69 18.00 110 3229 3.73
0.75 0.05 0.80 943 1337 18.00 117 3517 3.72
0.72 0.02 0.73 887 1274 18.00 1.08 33.99 381
0.94 0.13 1.07 1058 1497 2169 131 4096 3.81
0.65 0.02 0.67 9.04 1296 18.00 1.09 34.46 3.83
0.80 0.02 0.82 929 13.06 19.80 1.23 36.03 3.69
0.65 0.04 0.69 12,70 18.18 23.81 1.36 4850 4.01
0.92 0.03 095 941 12.83 19.80 1.38 3522 357
0.86 0.08 0.94 11.00 16.08 21.69 1.17 4244 401
1.00 0.03 1.03 10.90 1511 21.70 1.39 4194 3.78
0.93 0.09 1.02 770 1117 1640 0.89 3145 394
112 0.02 114 904 1275 1890 1.14 3504 3.74
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2103.06
2103.00
2102.94
2102.91
2102.85
2102.66
2102.54
2102.46
2102.36
2102.27
2102.13
2102.02
2101.92
2101.81
2101.72
2101.63
2101.50
2101.41
2101.32
2101.20
2101.11
2100.96
2100.86
2100.76
2100.61
2100.53
2100.41
2100.29
2100.16
2100.07
2099.92
2099.80
2099.68
2099.58
2099.49
2099.37
2099.25
2099.07
2098.97
2098.88
2098.75
2098.64
2098.55
2098.50
2098.33
2098.18
2098.09
2098.00
2097.85
2097.76
2097.66
2097.54
2097.45
2097.36
2097.25
2097.15
2097.05
2096.93
2096.84
2096.72
2096.63
2096.52
2096.38
2096.29
2096.20
2096.08
2095.99
2095.87
2095.73

b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo
dolo

50.01
50.01
50.00
50.01
50.01
50.01
50.01
50.00
50.01
50.00
50.01
50.01
50.00
50.01
50.00
50.01
50.01
50.00
50.01
50.01
50.00
50.01
50.01
50.00
50.01
50.00
50.00
50.01
50.00
50.00
50.00
50.01
50.00
50.01
50.01
50.01
50.00
50.00
50.01
50.01
50.01
50.00
50.00
50.00
50.01
50.01
50.01
50.00
50.00
50.01
50.01
50.00
50.00
50.01
50.01
50.00
50.01
50.00
50.00
50.00
50.00
50.01
50.00
50.00
50.01
50.00
50.00
50.00
50.00

0.84
1.35
1.08
1.20
1.14
1.10
0.55
0.61
0.70
1.08
0.68
0.56
0.63
0.17
1.13
0.42
0.46
1.23
1.95
0.37
1.44
0.48
0.17
0.58
1.38
0.21
0.19
0.13
0.47
0.19
0.09
0.14
0.14
0.11
0.10
0.19
0.28
0.33
nd
0.30
0.47
0.25
0.14
0.13
0.13
0.12
0.16
0.15
0.14
0.09
0.09
0.10
0.07
0.08
0.09
0.08
0.12
0.09
0.16
0.09
0.07
0.61
0.03
0.08
0.06
0.03
0.04
0.06
0.04

0.63
131
0.86
111
1.04
1.01
0.49
0.57
0.52
0.61
0.56
0.44
0.38
0.13
0.92
0.32
0.37
0.96
155
0.26
1.09
0.35
0.10
0.41
1.05
0.12
0.12
0.08
0.09
0.10
0.05
143
0.09
0.08
0.07
0.10
0.17
0.23
0.79
0.20
0.15
0.12
0.08
0.08
0.07
0.05
0.10
0.09
0.07
0.05
0.07
0.04
0.04
0.06
0.07
0.06
0.08
0.05
0.10
0.05
0.05
0.05
0.01
0.04
0.03
0.01
0.03
0.04
0.02

0.08
0.03
0.08
0.03
0.04
0.03
0.01
0.01
0.09
0.08
0.09
0.06
0.08
0.02
0.11
0.06
0.05
0.15
0.23
0.07
0.15
0.05
0.02
0.06
0.22
0.02
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.01
0.02
0.01
0.03
0.04
0.27
0.05
0.03
0.04
0.02
0.02
0.02
0.01
0.01
0.00
0.00
0.01
0.01
0.01
0.01
0.02
0.02
0.01
0.01
0.02
0.03
0.01
0.01
0.39
0.01
0.02
0.02
0.01
0.01
0.03
0.01

0.71
1.34
0.94
115
1.08
1.04
0.50
0.58
0.61
0.69
0.65
0.50
0.46
0.15
1.03
0.38
0.42
111
1.78
0.33
1.24
0.41
0.11
0.46
1.27
0.14
0.13
0.09
0.11
0.12
0.07
1.45
0.10
0.09
0.08
0.11
0.20
0.27
1.06
0.25
0.18
0.15
0.10
0.10
0.08
0.06
0.11
0.10
0.08
0.06
0.08
0.05
0.05
0.08
0.09
0.06
0.09
0.06
0.13
0.06
0.06
0.44
0.03
0.07
0.05
0.03
0.03
0.06
0.03

11.57
11.70
8.96
8.73
8.73
7.58
10.18
8.71
1113
10.53
9.02
8.58
9.39
22.64
13.64
9.19
9.39
16.43
10.09
15.81
8.90
8.10
6.40
7.84
15.38
6.19
8.42
9.00
7.20
6.44
7.04
7.64
8.08
8.39
7.40
6.50
6.81
6.70
10.75
8.97
7.19
10.96
8.54
6.49
7.04
7.72
5.63
9.46
6.44
7.38
6.94
7.59
8.26
9.41
7.51
5.93
6.48
6.42
7.22
5.32
7.00
7.45
7.58
10.73
6.99
7.88
6.53
6.11
6.55
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16.04
16.71
12.49
12.47
12.31
10.69
14.63
12.32
15.54
14.42
12.39
11.62
13.39
31.82
19.37
12.93
13.06
23.63
14.36
21.67
1241
1141
8.60
10.00
20.83
8.20
11.19
11.68
9.77
8.45
9.42
10.39
10.83
1113
10.10
8.71
9.28
8.96
14.08
11.72
9.36
13.72
11.50
8.59
9.35
10.60
7.47
11.20
8.98
10.17
9.60
10.16
10.65
10.90
10.70
8.40
8.72
9.56
9.95
6.75
9.60
9.68
10.16
9.86
9.05
10.25
9.07
7.96
9.04

21.69
26.10
18.00
18.00
17.20
16.40
19.80
18.00
21.69
18.88
16.40
16.40
18.00
41.68
31.50
18.00
18.00
37.97
19.76
37.97
18.00
16.40
13.61
13.61
28.70
12.40
14.94
16.40
14.94
12.40
13.67
14.94
14.94
16.40
14.94
13.01
14.28
12.40
18.00
15.81
13.61
16.40
16.40
13.61
13.61
14.94
12.40
13.61
13.61
14.28
14.94
14.94
14.94
14.94
16.40
13.61
13.61
14.94
14.94
11.29
13.61
13.61
13.61
11.29
12.40
13.61
13.61
12.40
13.61

1.45
133
113
113
113
0.99
1.25
1.09
131
1.27
111
1.20
122
6.06
1.46
1.09
122
191
118
1.88
111
1.01
0.84
118
2.13
1.05
142
1.39
112
1.08
114
1.20
132
1.36
116
1.09
1.04
1.06
1.64
141
118
1.38
137
1.07
1.10
111
0.92
1.28
0.93
1.05
0.92
113
117
1.01
1.01
0.78
1.10
0.76
1.01
0.94
1.03
1.09
116
0.89
0.92
1.07
0.95
0.93
0.97

44.15
48.70
35.81
31.96
31.84
30.43
37.86
33.37
44.30
42.94
36.06
31.66
33.17
70.14
57.77
34.36
35.22
63.22
40.69
65.21
36.31
31.81
23.46
30.11
58.83
21.82
28.95
32.00
25.56
23.31
24.92
26.52
27.49
29.95
25.46
22.52
24.82
23.99
39.09
33.06
27.03
54.22
29.89
23.80
26.37
28.22
20.97
54.16
23.48
26.70
25.86
29.44
32.02
75.48
27.33
23.72
22.28
25.53
27.53
20.35
25.69
32.28
27.31
27.67
28.03
32.97
23.92
24.97
24.37

3.84
4.04
3.80
3.67
3.65
3.78
3.79
3.77
3.92
3.91
3.86
3.59
3.64
3.73
4.11
3.80
3.67
4.05
3.90
4.03
3.83
3.77
3.69
3.63
3.88
3.33
3.37
3.60
3.45
3.38
3.39
3.41
3.35
3.41
3.42
3.33
3.48
3.43
3.48
3.45
3.43
4.14
3.44
3.39
3.50
3.56
3.42
4.20
3.58
3.58
3.83
3.60
3.79
4.99
3.64
3.78
3.32
3.91
3.65
3.33
3.55
3.70
3.46
6.99
4.04
3.82
3.53
3.60
3.53



2095.62
2095.53
2095.42
2095.32
2095.23
2095.10
2095.00
2094.89
2094.80
2094.68
2094.56
2094.43
2094.34
2094.19
2094.10
2093.98
2093.88
2093.76
2093.64
2093.47
2093.40
2093.27
2093.18
2092.97
2092.88
2092.76
2092.67
2092.57
2092.48
2092.39
2092.30
2092.12
2092.03
2091.93
2091.84
2091.74
2091.63
2091.54
2091.45
2091.34
2091.23
2091.14
2091.03
2090.93
2090.84
2090.71
2090.62
2090.53
2090.41
2090.32
2090.23
2090.14
2089.98
2089.88
2089.77
2089.66
2089.56
2089.45
2089.31
2089.22
2089.13
2089.04
2088.95
2088.86
2088.73
2088.64
2088.55
2088.40
2088.31

dolo
dolo
dolo
dolo
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-wkst
b-pkst
b-pkst
b-gst
b-gst
b-gst
b-gst
b-gst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
b-pkst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst

50.00
50.00
50.00
50.00
50.01
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.01
50.01
50.01
50.00
50.01
50.00
50.00
50.00
50.01
50.00
50.00
50.00
50.00
50.00
50.01
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.01
50.00
50.01
50.01
50.00
50.00
50.00
50.00
50.01
50.00
50.00
50.01
50.00
50.01
50.00
50.01
50.00
50.00
50.00
50.00
50.00
50.01
50.01
50.01
50.00
50.01

0.06
0.06
0.04
0.05
0.04
0.08
0.11
0.04
0.03
0.11
0.02
0.10
0.11
0.04
0.15
0.09
0.13
0.16
0.08
0.06
0.19
0.11
0.19
0.13
0.12
0.34
0.10
0.21
0.22
0.11
0.03
0.10
0.25
0.38
0.19
0.10
0.13
0.25
0.19
0.22
0.13
0.10
0.12
0.29
0.11
0.14
0.06
0.08
0.08
0.42
0.44
0.13
0.09
0.21
0.21
0.11
0.23
0.05
0.05
0.11
0.07
0.18
0.30
0.15
0.05
1.52
0.10
0.49
0.28

0.02
0.03
0.02
0.03
0.02
0.06
0.08
0.03
0.02
0.09
0.01
0.07
0.08
0.03
0.10
0.07
0.06
0.11
0.05
0.03
0.08
0.07
0.03
0.04
0.01
0.04
0.05
0.09
0.10
0.03
0.02
0.03
0.14
0.14
0.07
0.06
0.08
0.17
0.08
0.14
0.08
0.07
0.07
0.09
0.05
0.08
0.04
0.06
0.06
0.09
0.08
0.04
0.06
0.08
0.05
0.04
0.06
0.03
0.02
0.06
0.03
0.05
0.07
0.06
0.02
0.08
0.03
0.06
0.13

0.04
0.02
0.00
0.01
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.05
0.02
0.01
0.02
0.07
0.01
0.00
0.03
0.00
0.26
0.00
0.00
0.01
0.01
0.00
0.00
0.05
0.16
0.03
0.01
0.01
0.00
0.05
0.00
0.00
0.01
0.02
0.17
0.03
0.03
0.00
0.00
0.00
0.28
0.33
0.06
0.00
0.09
0.12
0.04
0.14
0.00
0.00
0.00
0.02
0.10
0.22
0.02
0.02
1.38
0.02
0.02
0.01

0.06
0.04
0.02
0.04
0.03
0.06
0.09
0.04
0.03
0.10
0.02
0.08
0.09
0.04
0.11
0.08
0.12
0.12
0.06
0.06
0.15
0.08
0.03
0.07
0.02
0.30
0.05
0.09
0.11
0.04
0.02
0.03
0.18
0.30
0.11
0.07
0.10
0.17
0.13
0.14
0.08
0.07
0.09
0.25
0.08
0.11
0.04
0.06
0.06
0.38
0.41
0.10
0.06
0.17
0.18
0.09
0.20
0.03
0.02
0.06
0.05
0.15
0.28
0.08
0.03
1.45
0.05
0.08
0.14

5.65
5.75
6.14

5.17
9.09
9.16
11.90
11.82
9.89
11.62
7.08
7.61

6.92
5.78
5.85
4.67
5.64
5.17
4.88
4.45
10.92
4.60
21.11
9.39
6.37
4.39
8.75
9.58
9.15
9.84
9.80
6.71
6.61
10.22
11.63
7.22
6.39
6.00
5.65
7.18
8.07
7.35
7.69
5.63
6.54
7.28
6.79
5.21
7.42
6.56
6.29
7.64
7.30
6.71
6.84
6.98
5.64
6.06
5.55
5.29
6.84
5.10
6.71
6.11
5.50
4.92
4.91
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7.56
7.69
8.31
6.18
6.36
12.00
12.61
14.75
16.30
13.62
15.69
9.56
9.95
9.28
9.56
7.27
7.38
5.73
6.64
6.06
5.56
4.77
14.27
5.24
20.22
11.39
7.14
4.64
7.84
9.67
10.74
9.32
1131
7.98
7.97
12.43
14.23
7.40
7.37
7.02
6.52
8.15
9.87
8.01
9.17
6.46
7.84
8.74
8.13
6.00
8.39
8.31
8.08
10.46
9.60
8.70
8.71
8.70
6.32
7.37
6.75
6.27
8.93
5.92
8.11
7.54
6.97
6.03
5.69

13.61
11.85
12.40
9.37
10.29
16.40
20.73
20.73
26.14
21.69
26.14
18.00
16.40
13.61
18.00
14.94
13.61
11.29
11.29
9.37
8.54
5.88
26.10
7.78
26.10
24.95
8.54
5.88
6.45
9.37
23.80
8.54
12.40
11.29
10.29
14.94
19.76
8.54
9.37
9.37
8.54
10.30
12.40
9.37
12.40
9.83
10.29
11.85
10.29
8.54
10.29
12.40
12.40
16.40
16.40
12.40
12.40
11.29
7.78
10.29
9.37
8.54
13.61
8.54
10.29
10.06
9.83
8.95
8.54

0.71
0.84
0.85
0.85
0.88
119
1.23
1.64
141
119
153
0.89
1.07
113
0.84
0.83
0.85
0.66
0.93
0.78
0.84
0.89
154
0.77
1.65
1.20
0.95
1.05
1.04
1.10
116
115
1.30
0.94
0.98
1.28
179
114
0.96
0.98
114
0.97
1.01
141
112
1.10
1.02
1.09
1.08
1.00
1.26
0.94
0.95
1.02
1.03
0.96
1.07
1.01
1.20
1.10
0.92
1.01
1.03
1.04
121
1.05
0.89
0.86
0.98

28.71
23.41
24.67
20.07
21.90
37.43
35.77
53.42
50.70
43.10
47.33
33.04
33.86
32.53
32.83
28.14
27.63
24.47
26.62
27.43
23.52
20.46
47.98
22,74
38.20
53.66
34.93
11.24
108.65
99.40
54.14
122.30
56.52
36.01
3151
55.62
51.68
51.48
35.15
28.42
22.34
43.30
43.33
32.25
37.14
23.31
29.75
35.07
31.56
22.21
35.90
30.33
27.28
32.74
31.98
29.58
29.13
32.44
22.15
24.06
24.82
21.30
27.78
20.14
26.47
24.40
22.33
20.35
19.76

4.13
3.66
3.74
3.44
3.49
3.79
3.69
3.79
3.95
4.00
3.64
3.99
3.80
3.61
4.08
3.84
3.79
3.99
3.59
3.89
3.54
3.27
3.89
3.63
6.96
4.28
3.99
291
5.48
5.10
4.34
5.27
4.22
4.01
3.85
4.24
3.84
4.09
3.94
3.67
3.16
4.29
4.21
3.42
3.91
3.20
3.72
3.79
3.65
3.29
3.62
3.84
3.63
3.78
3.72
3.74
3.54
3.81
3.16
3.24
3.56
3.27
3.55
3.12
3.33
3.42
3.51
3.41
3.19



2088.22
2088.09
2088.00
2087.91
2087.82
2087.73
2087.64
2087.51
2087.42
2087.33
2087.21
2087.12
2087.03
2086.90
2086.81
2086.69
2086.57
2086.48
2086.39
2086.26
2086.17
2086.08
2085.99
2085.90
2085.81
2085.65
2085.56
2085.47
2085.35
2085.26
2085.17
2085.08
2084.95
2084.89
2084.77
2084.68
2084.56
2084.44
2084.34
2084.25
2084.16
2084.07
2083.98
2083.86
2083.77
2083.67
2083.52
2083.43
2083.34
2083.22
2083.13
2083.00
2082.91
2082.82
2082.70
2082.61
2082.52
2082.39
2082.30
2082.21
2082.03
2081.94
2081.84
2081.75
2081.71
2081.66
2081.62
2081.57
2081.52

pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst

50.01
50.00
50.01
50.00
50.00
50.00
50.01
50.00
50.00
50.01
50.01
50.01
50.01
50.00
50.01
50.00
50.00
50.01
50.00
49.56
50.01
50.00
50.00
50.00
50.00
50.01
50.00
50.01
50.00
50.00
50.00
50.00
50.00
50.01
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.01
50.01
50.00
50.00
50.00
50.01
50.00
50.01
50.00
50.01
50.01
50.00
50.00
50.00
50.01
50.00
50.01
50.00
50.00
50.00
50.00
50.00
50.01
50.00
50.01
50.01

0.14
0.05
0.20
0.07
0.22
0.48
1.90
0.03
0.38
0.10
0.07
0.12
0.08
0.06
0.07
0.05
0.07
0.11
0.26
0.17
0.06
0.05
0.04
0.06
0.20
0.19
0.04
0.05
0.73
0.17
0.09
0.09
0.08
0.08
0.10
0.11
0.32
0.07
0.09
0.42
0.13
0.21
0.57
0.16
0.18
0.16
0.08
0.19
0.13
0.88
0.49
0.45
0.76
0.03
0.08
0.07
0.81
0.97
1.88
0.02
0.26
0.26
0.71
0.60
0.15
0.12
0.05
0.28
0.36

0.02
0.01
0.05
0.02
0.04
0.08
0.27
0.00
0.03
0.01
0.01
0.02
0.02
0.01
0.08
0.01
0.01
0.04
0.04
0.05
0.01
0.02
0.02
0.01
0.08
0.05
0.02
0.02
0.13
0.03
0.02
0.04
0.02
0.03
0.04
0.04
0.05
0.02
0.02
0.12
0.02
0.02
0.17
0.09
0.06
0.06
0.02
0.05
0.01
0.03
0.08
0.05
0.04
0.01
0.05
0.02
0.03
0.02
0.02
0.01
0.04
0.07
0.11
0.08
0.07
0.07
0.03
0.08
0.16

0.08
0.01
0.00
0.00
0.01
0.02
0.07
0.01
0.31
0.05
0.03
0.01
0.04
0.03
0.01
0.02
0.04
0.00
0.19
0.02
0.02
0.00
0.01
0.00
0.03
0.08
0.00
0.00
0.54
0.11
0.04
0.01
0.04
0.02
0.01
0.01
0.14
0.02
0.02
0.03
0.02
0.01
0.06
0.01
0.04
0.04
0.03
0.02
0.08
0.02
0.01
0.00
0.00
0.01
0.00
0.00
0.01
0.01
0.00
0.00
0.02
0.05
0.01
0.00
0.00
0.01
0.01
0.01
0.03

0.10
0.02
0.05
0.02
0.04
0.10
0.34
0.01
0.34
0.06
0.04
0.03
0.06
0.04
0.08
0.03
0.05
0.04
0.23
0.07
0.04
0.02
0.03
0.01
0.11
0.13
0.03
0.03
0.67
0.14
0.06
0.05
0.06
0.06
0.05
0.05
0.19
0.04
0.04
0.15
0.04
0.03
0.24
0.10
0.10
0.10
0.05
0.07
0.09
0.05
0.08
0.05
0.04
0.02
0.05
0.03
0.03
0.03
0.03
0.01
0.06
0.11
0.13
0.08
0.07
0.08
0.04
0.09
0.18

6.15
6.13
6.23
5.37
551
5.62
4.09
14.57
8.45
5.84
5.42
5.12
5.59
5.20
5.08
5.26
511
4.97
6.40
8.00
7.20
6.99
6.78
8.41
571
5.37
5.81
6.25
4.98
4.54
8.61
4.89
7.50
5.38
4.94
5.35
3.70
6.25
6.02
7.57
5.89
6.80
4.97
5.17
5.10
4.32
6.69
5.40
6.23
5.29
5.22
5.95
5.73
8.50
5.65
6.42
7.16
8.67
6.65
9.31
8.64
7.23
7.33
7.36
6.75
6.88
9.66
7.93
7.56

97

7.75
7.25
7.86
6.23
6.80
6.64
5.01
17.46
9.42
6.08
5.81
5.81
6.17
5.64
5.60
5.67
5.58
5.49
6.35
8.45
7.40
7.45
7.50
9.28
6.16
6.17
6.77
7.38
4.76
4.43
9.44
4.91
8.62
5.89
5.52
6.11
4.34
7.62
7.47
10.19
7.60
8.89
6.20
5.90
5.98
4.73
7.83
6.62
7.73
6.36
6.47
7.27
7.21
10.38
6.93
8.14
8.97
10.69
8.52
11.56
10.17
9.73
10.10
9.93
9.22
9.30
13.53
11.29
10.49

10.29
8.54
10.29
7.78
9.37
9.37
8.54
26.14
9.37
6.45
7.08
7.78
7.78
7.78
7.78
6.17
7.35
8.54
21.69
9.37
15.53
16.77
18.00
14.28
7.78
10.29
13.75
17.20
2.79
2.54
26.14
5.35
14.94
8.54
7.78
9.37
8.54
11.29
10.29
12.40
11.29
13.61
10.29
8.54
8.54
7.08
9.37
9.37
10.79
9.37
9.37
10.29
11.29
15.67
9.37
11.29
11.29
13.61
11.85
20.73
13.61
14.94
14.94
14.94
13.61
13.61
19.76
16.40
16.40

0.97
115
1.09
1.04
0.96
115
0.62
2.25
1.27
1.10
1.05
0.86
0.97
0.99
0.87
0.99
0.95
0.91
1.03
121
112
1.04
0.95
112
1.10
0.89
0.90
0.91
0.99
0.93
1.06
111
1.00
1.01
0.87
0.98
0.48
0.93
0.88
1.01
0.86
0.99
0.82
0.96
0.98
0.83
1.23
0.92
1.02
0.90
0.92
0.99
0.88
118
0.97
0.94
1.10
1.23
0.96
133
1.86
1.07
1.00
112
0.94
0.99
114
1.01
1.03

25.98
24.55
23.85
22.06
22.25
21.15
20.25
69.09
49.85
29.75
25.64
25.69
27.99
24.86
26.30
26.01
24.85
23.68
44.16
49.66
46.91
43.70
40.49
55.07
26.38
26.11
29.64
33.17
27.22
23.73
61.76
21.92
46.19
25.46
23.96
23.64
22.15
30.67
29.46
28.68
26.86
29.28
2111
22.28
20.84
20.11
27.66
2311
26.15
23.22
20.79
26.04
25.74
42.41
23.81
29.07
31.07
40.60
29.53
36.43
31.80
28.05
30.15
27.52
27.33
27.34
39.02
30.78
30.45

3.60
3.26
3.43
3.31
3.41
3.14
3.80
3.71
3.98
3.50
3.41
3.65
3.56
3.38
3.63
3.45
3.44
3.44
4.00
4.05
4.02
4.08
4.15
4.32
3.34
3.61
3.76
3.90
3.47
3.38
4.63
3.10
4.23
3.42
3.53
3.40
4.28
3.77
3.78
3.71
3.74
3.70
3.51
3.42
3.25
3.38
3.35
3.47
3.48
3.50
3.35
3.51
3.69
3.77
3.45
3.75
3.68
3.93
3.75
3.35
3.04
3.54
3.73
3.51
3.69
3.63
3.87
3.75
3.73



2081.43
2081.39
2081.33
2081.28
2081.24
2081.19
2081.11
2081.05
2081.02
2080.96
2080.93
2080.87
2080.81
2080.76
2080.72
2080.67
2080.63
2080.56
2080.50
2080.46
2080.41
2080.35
2080.32
2080.21
2080.17
2080.12
2080.08
2080.03
2079.99
2079.92
2079.86
2079.82
2079.77
2079.71
2079.67
2079.59
2079.54
2079.50
2079.45
2079.41
2079.32
2079.25
2079.21
2079.16
2079.10
2079.04
2079.01

b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
fa-gst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst
pa-bdst

50.01
50.00
50.01
50.00
50.01
50.01
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.00
50.01
50.00
50.00
50.00
50.00
50.00
50.00
50.01
50.00
50.01
50.00
50.00
50.01
50.01
50.00
50.00
50.00
50.00
50.00
50.01
50.01
50.01
50.00
50.01
50.00
50.01
50.00
50.00
50.00
50.01
50.00
50.00
50.01

0.23
0.11
0.21
0.47
0.91
0.15
0.47
0.26
0.20
0.17
0.21
0.18
0.35
0.35
0.61
0.68
0.28
0.12
0.22
0.17
0.85
0.67
0.82
0.77
0.66
0.72
0.96
1.85
1.07
1.20
2.12
2.72
173
1.03
1.08
0.95
1.39
161
1.98
2.09
1.64
2.39
1.10
116
0.91
0.93
1.34

0.07
0.05
0.06
0.24
0.27
0.09
0.12
0.11
0.09
0.09
0.10
0.09
0.22
0.25
0.44
0.55
0.16
0.05
0.15
0.13
0.65
0.46
0.52
0.56
0.44
0.46
0.64
112
0.42
0.41
0.34
0.25
1.00
0.16
0.21
0.17
0.19
0.18
0.21
0.29
0.29
0.25
0.26
0.39
0.32
0.36
0.40

0.02
0.02
0.01
0.00
0.05
0.02
0.03
0.04
0.02
0.02
0.02
0.04
0.02
0.01
0.01
0.02
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.01
0.01
0.01
0.04
0.01
0.02
0.01
0.02
0.04
0.05
0.01
0.03
0.01
0.01
0.02
0.01
0.02
0.03
0.02
0.01
0.01
0.01
0.02

0.09
0.07
0.08
0.24
0.31
0.11
0.16
0.15
0.11
0.11
0.13
0.12
0.24
0.26
0.45
0.56
0.16
0.06
0.15
0.13
0.66
0.46
0.52
0.57
0.45
0.47
0.65
117
0.43
0.43
0.36
0.28
1.04
0.21
0.22
0.20
0.20
0.18
0.23
0.30
0.31
0.28
0.28
0.41
0.33
0.37
0.43

7.36
9.39
7.32
7.06
7.27
6.56
6.22
5.80
6.46
6.12
7.00
6.20
5.76
6.20
4.56
4.88
5.04
5.85
5.32
5.69
4.69
6.08
5.58
5.33
6.60
6.02
6.19
4.96
7.19
6.23
7.73
5.35
8.95
7.17
7.53
6.94
7.14
7.59
8.01
7.44
6.65
6.57
591
7.52
6.87
6.98
7.72
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10.28
12.94
10.15
9.58
9.79
9.03
8.24
7.76
8.58
7.80
9.48
8.31
7.54
8.34
5.36
5.46
6.36
7.44
6.84
6.14
5.13
7.81
7.27
7.05
9.02
8.23
8.72
6.60
9.86
8.78
10.90
7.81
11.88
9.94
10.44
9.48
9.84
10.45
10.84
10.50
9.28
8.95
8.14
10.75
9.54
9.74
11.00

14.94
18.00
14.94
14.94
14.94
13.61
13.61
12.40
13.61
11.29
14.94
13.01
12.40
13.61
8.54

7.78

11.29
14.94
11.29
8.54

7.78

14.94
12.40
12.40
14.94
14.94
14.94
13.61
16.40
14.94
18.00
14.94
18.00
16.40
16.40
14.94
16.40
16.40
18.00
18.00
14.94
14.94
13.61
18.00
16.40
16.40
18.00

0.99
1.30
1.03
1.10
1.05
0.93
0.97
0.87
1.03
1.08
1.10
0.98
0.96
0.97
0.89
111
0.84
0.97
0.92
1.04
1.03
1.01
0.94
0.87
1.01
0.89
0.88
0.71
1.01
0.80
1.02
0.61
142
1.10
1.07
1.05
1.01
111
116
0.97
0.97
0.98
0.87
0.98
0.98
0.99
1.02

28.79
35.29
27.92
25.88
29.75
26.05
24.43
23.84
24.46
22.84
25.60
23.34
22.01
23.43
18.17
17.99
20.84
23.81
20.41
26.27
18.79
24.17
21.59
20.59
25.07
24.03
24.56
22.52
28.87
27.11
31.28
24.64
34.09
28.03
28.53
26.24
28.49
28.41
31.39
30.15
24.78
25.42
22.83
30.10
26.90
26.81
30.59

3.69
3.66
3.63
3.47
3.63
3.65
3.49
3.60
3.44
3.27
3.42
3.44
3.35
3.43
3.17
2.93
3.40
3.40
3.29
3.53
3.01
3.43
3.37
3.40
3.49
3.61
3.64
3.81
3.68
3.88
3.76
4.15
3.51
3.63
3.61
3.51
3.66
3.57
3.63
3.79
3.57
3.56
3.57
3.78
3.62
3.61
3.73
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TABLE 2A.2A: Decompaction of SMF data

Current

Current porosity at

All sized SMF

Silt sized SMF

Depth Facies .depth pi)nri(:;?ly r?l?i?a.ii(; Dccon;;z:g/cﬁ depth Decompaction number (S*/S) Raw dat Decompacted data Raw dat Decompacted data
interval compaction aw data (SMFall/D) aw data (SMFsilt/D)
(m) S (m) (®i) (dd) S* (m) D SMFall (wt%) SMF*all (wt%) SMFsilt (wt%) SMF*silt (wt%)
2106.05 b-gst 0.12 44.50 28.93 0.16 1.28 0.242 0.189 0.208 0.162
2105.92 b-gst 0.06 44.50 28.93 0.08 1.28 0.187 0.146 0.158 0.124
2105.86 b-gst 0.05 44.50 28.93 0.06 1.28 0.203 0.159 0.170 0.132
2105.82 b-gst 0.05 44.50 28.93 0.06 1.28 0.286 0.223 0.228 0.178
2105.77 b-gst 0.05 44.50 28.93 0.06 1.28 0.259 0.202 0213 0.167
2105.73 b-gst 0.05 44.50 28.93 0.06 1.28 0.240 0.187 0.197 0.154
2105.68 b-gst 0.06 44.50 28.93 0.08 1.28 0.326 0.255 0.162 0.126
2105.62 b-gst 021 44.50 28.93 027 1.28 0.295 0.231 0.138 0.108
2105.41 b-pkst 0.09 54.70 28.93 0.14 1.57 0.296 0.189 0.133 0.085
2105.31 b-pkst 0.03 54.70 28.93 0.05 1.57 0.756 0.482 0.454 0.289
2105.28 b-pkst 0.06 54.70 28.93 0.10 1.57 0.399 0.254 0.263 0.168
2105.22 fa-gst 0.05 44,50 28.93 0.06 1.28 0.245 0.192 0.198 0.155
2105.18 fa-gst 0.05 44.50 28.93 0.06 1.28 0.474 0370 0.204 0.159
2105.13 fa-gst 0.06 44.50 28.93 0.08 128 0.710 0.554 0.170 0.133
2105.07 fa-gst 0.06 44.50 28.93 0.08 1.28 2485 1.941 0.245 0.192
2105.01 fa-gst 0.03 44.50 28.93 0.04 1.28 0.685 0.535 0.428 0334
2104.98 fa-gst 0.05 44.50 28.93 0.06 1.28 0.685 0.535 0.363 0.284
2104.93 fa-gst 0.05 44.50 28.93 0.06 1.28 0.895 0.699 0.534 0.417
2104.88 fa-gst 0.05 44.50 28.93 0.06 1.28 0.857 0.669 0413 0323
2104.83 fa-gst 0.07 44,50 28.94 0.09 1.28 0.297 0.232 0.225 0.176
2104.77 fa-gst 0.03 44,50 28.94 0.04 1.28 0.936 0.731 0.420 0328
2104.74 fa-gst 0.05 44.50 28.94 0.06 1.28 0.787 0.615 0.439 0343
2104.69 mdrk 0.02 70.00 28.94 0.06 237 88.900 37.529 nd nd
2104.67 mdrk 0.02 70.00 28.94 0.06 237 87.868 37.094 nd nd
2104.64 mdrk 0.02 70.00 28.94 0.06 237 92.416 39.014 nd nd
2104.62 mdrk 0.02 70.00 28.94 0.06 237 nd 38.061 nd nd
2104.60 mdrk 0.02 70.00 28.94 0.06 237 87.900 37.108 nd nd
2104.57 mdrk 0.02 70.00 28.94 0.06 237 91.261 38.526 nd nd
2104.55 mdrk 0.02 70.00 28.94 0.06 237 81.890 34,571 nd nd
2104.53 mdrk 0.02 70.00 28.94 0.06 237 92.836 39.191 nd nd
2104.50 mdrk 0.02 70.00 28.94 0.06 237 89.026 37.583 nd nd
2104.48 mdrk 0.02 70.00 28.94 0.06 237 90.039 38011 nd nd
2104.46 mdrk 0.02 70.00 28.94 0.06 237 89.686 37.862 nd nd
2104.43 mdrk 0.02 70.00 28.94 0.06 237 87.713 37.029 nd nd
2104.41 mdrk 0.02 70.00 28.94 0.06 237 89.757 37.892 nd nd
210439 mdrk 0.02 70.00 28.94 0.06 237 nd 38.581 nd nd
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0.21
0.14
0.14
0.14
0.14

0.12

0.16

0.12

0.12

0.19

0.12

0.12

0.16

0.12

0.12

0.12

0.12

0.12

0.16
0.12
0.12
0.16
0.12
0.12
0.16
0.12
0.16
0.16
0.12
0.12
0.16
0.12
0.12
0.12
0.12
0.12
0.19

1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.57
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28

0.178
0.087
0.197
0.031
0.025
0.062
0.050
0.145

0.283

0.080

0.035

1.454

0.054

0.080

0.142

0.104

0.019

0.049

0.024

0.044

0.098

0.339
0.011
0.337
0.063
0.043
0.030
0.058
0.039
0.085
0.032
0.048
0.039
0.230
0.072
0.036
0.018
0.026
0.014
0.109

0.113
0.055
0.126
0.020
0.016
0.039
0.032
0.093

0.221

0.062

0.027

1.137

0.043

0.062

0.111

0.082

0.015

0.038

0.019

0.034

0.076

0.265
0.008
0.263
0.049
0.034
0.023
0.046
0.030
0.066
0.025
0.038
0.030
0.180
0.056
0.029
0.014
0.020
0.011
0.085

0.053
0.042
0.062
0.028
0.022
0.057
0.031
0.049

0.066

0.064

0.017

0.077

0.034

0.061

0.129

0.024

0.014

0.048

0.022

0.037

0.079

0.272
0.004
0.030
0.013
0.011
0.021
0.016
0.012
0.079
0.009
0.013
0.038
0.043
0.050
0.012
0.018
0.018
0.012
0.079

0.034
0.027
0.039
0.018
0.014
0.037
0.020
0.032

0.052

0.050

0.013

0.060

0.027

0.048

0.101

0.019

0.011

0.038

0.017

0.029

0.062

0.213
0.003
0.023
0.010
0.008
0.016
0.012
0.010
0.062
0.007
0.010
0.030
0.034
0.039
0.009
0.014
0.014
0.009
0.062



S0l

2085.65
2085.56
2085.47
2085.35
2085.26
2085.17
2085.08
2084.95
2084.89
2084.77
2084.68
2084.56
2084.44
2084.34
2084.25
2084.16
2084.07
2083.98
2083.86
2083.77
2083.67
2083.52
2083.43
2083.34
2083.22
2083.13
2083.00
2082.91
2082.82
2082.70
2082.61
2082.52
2082.39
2082.30
2082.21
2082.03
2081.94
2081.84
2081.75
2081.71
2081.66
2081.62
2081.57

b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst
b-gst

0.09
0.09
0.12
0.09
0.09
0.09
0.12
0.06
0.12
0.09
0.12
0.12
0.09
0.09
0.09
0.09
0.09
0.12
0.09
0.09
0.15
0.09
0.09
0.12
0.09
0.12
0.09
0.09
0.12
0.09
0.09
0.12
0.09
0.09
0.18
0.09
0.09
0.09
0.05
0.05
0.05
0.05
0.05

44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50

29.02
29.02
29.02
29.02
29.02
29.02
29.02
29.02
29.02
29.02
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.03
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04

0.12
0.12
0.16
0.12
0.12
0.12
0.16
0.08
0.16
0.12
0.16
0.16
0.12
0.12
0.12
0.12
0.12
0.16
0.12
0.12
0.19
0.12
0.12
0.16
0.12
0.16
0.12
0.12
0.16
0.12
0.12
0.16
0.12
0.12
0.23
0.12
0.12
0.12
0.06
0.06
0.06
0.06
0.06

1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28

0.129
0.026
0.026
0.665
0.137
0.062
0.049
0.057
0.058
0.050
0.053
0.186
0.037
0.039
0.147
0.041
0.035
0.239
0.097
0.099
0.098
0.049
0.069
0.090
0.053
0.082
0.055
0.045
0.018
0.052
0.028
0.033
0.030
0.027
0.009
0.063
0.114
0.128
0.082
0.075
0.078
0.036
0.093

0.101
0.020
0.021
0.520
0.107
0.049
0.039
0.045
0.046
0.039
0.042
0.146
0.029
0.030
0.115
0.032
0.027
0.187
0.076
0.077
0.077
0.039
0.054
0.070
0.041
0.064
0.043
0.035
0.014
0.041
0.022
0.026
0.023
0.021
0.007
0.049
0.089
0.100
0.064
0.058
0.061
0.028
0.073

0.053
0.022
0.025
0.127
0.030
0.021
0.039
0.017
0.033
0.040
0.045
0.047
0.020
0.020
0.118
0.025
0.024
0.175
0.086
0.063
0.063
0.015
0.049
0.015
0.028
0.076
0.053
0.041
0.006
0.050
0.024
0.027
0.024
0.024
0.007
0.041
0.066
0.113
0.081
0.070
0.067
0.026
0.082

0.042
0.018
0.019
0.099
0.024
0.017
0.030
0.013
0.026
0.031
0.035
0.037
0.016
0.015
0.093
0.019
0.019
0.137
0.067
0.049
0.049
0.012
0.038
0.012
0.022
0.059
0.042
0.032
0.005
0.039
0.019
0.021
0.019
0.019
0.005
0.032
0.052
0.089
0.063
0.055
0.052
0.020
0.064



901

2081.52
2081.43
2081.39
2081.33
2081.28
2081.24
2081.19
2081.11
2081.05
2081.02
2080.96
2080.93
2080.87
2080.81
2080.76
2080.72
2080.67
2080.63
2080.56
2080.50
2080.46
2080.41
2080.35
2080.32
2080.21
2080.17
2080.12
2080.08
2080.03
2079.99

2079.92

2079.86

2079.82

2079.77

2079.71

2079.67

2079.59

2079.54

2079.50

2079.45

2079.41

0.09
0.05
0.06
0.05
0.05
0.05
0.08
0.06
0.03
0.06
0.03
0.06
0.06
0.05
0.05
0.05
0.05
0.06
0.06
0.05
0.05
0.06
0.03
0.11
0.05
0.05
0.05
0.05
0.05
0.06

0.06

0.05

0.05

0.06

0.05

0.08

0.05

0.05

0.05

0.05

0.09

44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50
44.50

44.50

44.50

44.50

44.50

44.50

44.50

44.50

44.50

44.50

44.50

44.50

29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.04
29.05
29.05
29.05
29.05
29.05
29.05

29.05

29.05

29.05

29.05

29.05

29.05

29.05

29.05

29.05

29.05

29.05

0.12
0.06
0.08
0.06
0.06
0.06
0.10
0.08
0.04
0.08
0.04
0.08
0.08
0.06
0.06
0.06
0.06
0.08
0.08
0.06
0.06
0.08
0.04
0.14
0.06
0.06
0.06
0.06
0.06
0.08

0.08

0.06

0.06

0.08

0.06

0.10

0.06

0.06

0.06

0.06

0.12

1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28
1.28

1.28

1.28

1.28

1.28

1.28

1.28

1.28

1.28

1.28

1.28

1.28

0.185
0.090
0.075
0.075
0.240
0.312
0.109
0.157
0.149
0.114
0.114
0.128
0.123
0.241
0.260
0.451
0.563
0.161
0.055
0.152
0.126
0.658
0.461
0.521
0.565
0.449
0.472
0.647
1.165
0.427

0.427

0.357

0.278

1.036

0.213

0.219

0.197

0.199

0.185

0.229

0.303

0.144
0.070
0.059
0.059
0.188
0.244
0.085
0.123
0.117
0.089
0.089
0.100
0.096
0.189
0.203
0.353
0.441
0.126
0.043
0.119
0.099
0.515
0.360
0.408
0.442
0.351
0.369
0.506
0.911
0.334

0.334

0.280

0.218

0.810

0.167

0.171

0.154

0.155

0.144

0.179

0.237

0.159
0.073
0.055
0.063
0.236
0.266
0.091
0.123
0.106
0.092
0.094
0.104
0.085
0.221
0.249
0.437
0.545
0.156
0.052
0.147
0.126
0.649
0.459
0.517
0.558
0.441
0.464
0.639
1.120
0.421

0.407

0.344

0.254

0.997

0.165

0.206

0.169

0.189

0.178

0.206

0.288

0.124
0.057
0.043
0.049
0.185
0.208
0.071
0.096
0.083
0.072
0.074
0.082
0.067
0.173
0.195
0.342
0.426
0.122
0.040
0.115
0.098
0.508
0.359
0.404
0.436
0.345
0.363
0.499
0.876
0.330

0.318

0.269

0.199

0.780

0.129

0.161

0.133

0.148

0.139

0.161

0.225



LOT

2079.32

2079.25

2079.21

2079.16

2079.10

2079.04

2079.01

0.06

0.05

0.05

0.06

0.06

0.03

0.03

44.50

44.50

44.50

44.50

44.50

44.50

44.50

29.05
29.05
29.05
29.05
29.05
29.05

29.05

0.08

0.06

0.06

0.08

0.08

0.04

0.04

1.28

1.28

1.28

1.28

1.28

1.28

1.28

0.306

0.276

0.281

0.405

0.331

0.370

0.425

0.240

0.216

0.220

0.317

0.259

0.290

0.333

0.288

0.251

0.258

0.392

0.322

0.363

0.401

0.226

0.196

0.202

0.306

0.252

0.284

0.313



TABLE 2A.2B: Initial porosity applied in Decompaction algorithm

Initial

Facies Porosity

Bioclastic grainstone 44.5*
Foram/algal grainstone  44.5*
Bioclastic packstone 54.7*
Fusulinid packstone 54.7*

Bioclastic wackstone 70*
Phylloid algal 30
boundstone
Gray-greenish §
70
mudstone

* Goldhammer (1997)

"nitial porosity for Phylloid algal boundstone samples are
aproximated to be equivalent to grainstone

% Initial porosity for mudstone samples are aproximated to be
equivalent to wackstone

108



60T

TABLE 2A.3.— Trace Element

Depth Ba Be Cd Ce Co Cu La Mn Mo Nb Ni P Pb Rb Sc Se Sr ] \% Y Zn
(m) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)

2106.05 <10 <0.05 0.28 3.84 07 28 26 103 0.35 0.1 <0.2 70 0.8 0.3 0.2 2 344 0.6 1 6.5 6
2105.28 <10 0.07 0.15 4.97 06 36 3 119 0.27 0.1 <0.2 20 2 0.3 0.2 2 447 0.6 <1 6.5 3
2104.88 10 0.06 0.2 443 06 26 3 131 0.15 0.1 13 20 16 <0.1 0.2 2 393 05 <1 6.3 3
2104.77 10 <0.05 0.23 6.89 0.9 2.2 33 100 0.11 0.1 <0.2 40 23 03 0.2 2 449 0.7 1 75 3
2104.69 280 3.11 <0.02 31 143 325 14.8 44 0.35 17.7 49.1 170 229 164 18.8 2 68.6 2.4 102 8.9 13
2104.60 250 2.7 0.06 46.8 18.1 34.1 202 82 0.32 17.2 59.9 130 25 1615 18.2 2 60 2.3 97 103 14
2104.50 230 2.85 0.14 84.2 14.8 40.2 33.2 73 0.47 16.3 56.5 110 313 1575 17.6 2 67 27 125 12.3 16
2104.41 250 275 0.05 411 18.4 333 18 92 0.29 175 64.6 100 279 160.5 17.9 2 60.5 23 95 9.8 17
2104.36 230 258 0.08 66.9 15.9 36.6 251 120 0.28 16.8 60.8 100 298 149 175 2 62 23 93 10.2 19
2104.29 <10 <0.05 0.21 8.86 0.8 2.2 48 187 0.14 0.2 <0.2 280 36 2.2 0.4 2 325 24 4 105 4
2103.99 <10 <0.05 0.29 4.97 0.7 2.2 33 163 0.1 0.1 <0.2 150 3 0.7 0.2 2 356 25 2 72 3
2103.20 <10 <0.05 0.13 274 07 19 23 173 0.12 0.1 <0.2 130 24 0.6 0.2 2 289 2.2 1 4.9 <2
2102.13 <10 <0.05 0.1 1.33 07 2 15 372 0.1 0.1 <0.2 30 16 0.4 0.2 2 216 23 1 238 <2
2100.61 <10 <0.05 0.03 1.07 05 26 14 514 0.11 0.1 <0.2 80 1.9 0.2 0.1 2 1375 3 <1 27 <2
2098.55 <10 <0.05 <002 0.85 06 16 12 634 0.05 0.1 <0.2 70 0.7 0.2 0.1 2 69.9 11 1 238 2
2095.53 <10 <005  <0.02 0.65 04 2 12 672 0.08 0.1 <0.2 60 17 <0.1 0.1 2 46.7 14 <1 25 3
2092.57 <10 <0.05 0.16 175 07 2 25 181 0.06 0.1 <0.2 70 <05 0.4 0.3 3 303 08 1 49 2
2091.54 10 <0.05 0.14 1.86 05 18 31 147 0.07 0.1 <02 40 13 01 0.2 3 301 08 <1 59 <2
2089.88 <10 <0.05 0.25 18 05 2.7 3 119 0.06 0.1 <0.2 30 2 <0.1 0.2 2 333 05 <1 53 7
2089.04 <10 <0.05 0.28 178 06 2.1 25 156 0.23 0.1 0.2 70 <05 03 0.2 3 357 0.7 8 54 <2
2087.42 10 <0.05 0.28 173 05 3 35 130 0.09 0.1 <0.2 70 1 0.4 0.2 2 356 05 <1 6.6 4
2086.39 10 <0.05 0.27 17 08 18 34 154 0.05 0.1 <0.2 60 <05 0.3 0.4 2 418 05 1 74 4
2084.77 10 <0.05 0.24 1.88 06 18 32 127 0.07 0.1 <0.2 50 0.8 0.2 0.4 2 352 0.7 <1 6 2
2083.98 <10 <0.05 0.34 151 18 23 25 136 0.05 0.3 <0.2 40 12 0.2 0.4 3 346 0.3 1 52 9
2082.91 <10 <0.05 0.39 2.08 05 13 32 131 <0.05 0.1 <0.2 50 05 0.2 0.3 2 303 0.5 <1 6.5 2
2082.30 <10 <0.05 0.28 1.25 06 2 24 144 <0.05 0.1 <0.2 30 26 <0.1 0.2 2 360 05 <1 55 2
2081.28 10 <0.05 0.17 1.35 17 2 17 224 0.06 0.3 <0.2 50 11 0.3 0.4 3 507 17 2 44 3
2080.67 <10 <0.05 0.04 141 05 1 19 146 <0.05 0.1 <0.2 30 <05 <0.1 0.1 2 319 16 <1 35 <2
2080.46 10 <0.05 0.09 1.64 04 24 17 181 0.55 0.1 0.4 120 0.6 0.8 0.3 2 533 2.1 9 35 <2
2080.35 10 <0.05 0.14 1.94 07 13 25 162 <0.05 0.2 0.3 40 0.7 08 0.4 2 527 2 <1 47 <2
2080.21 10 <0.05 0.14 2.14 19 25 21 133 0.05 0.4 <0.2 40 17 13 0.5 3 543 23 2 41 2
2079.82 <10 <0.05 0.12 1.31 08 17 18 142 <0.05 0.1 <0.2 40 34 <0.1 0.2 2 505 19 <1 36 <2
2079.59 10 <0.05 0.14 1.32 06 18 15 190 0.08 0.2 <0.2 40 46 06 0.1 1 456 16 1 3.1 2
2079.41 10 <0.05 0.15 1.31 07 17 1.9 218 0.12 0.1 <0.2 30 33 0.2 0.2 2 355 2.1 <1 36 <2
2079.16 10 <0.05 0.13 1.36 06 2.1 16 150 0.05 0.2 <0.2 40 28 0.6 0.1 1 387 2.6 <1 3.1 <2



Chapter 3

Glacial-stage eolian delivery of highly reactive iron to late Paleozoic

oceans

ABSTRACT

Supply of bioavailable iron to the glacial ocean via eolian dust is well documented for the
late Cenozoic. Although recent studies emphasize abundant eolian dust deposits (loess) in
the late Paleozoic of western equatorial Pangaea, delivery of highly reactive iron (Fepr)
via eolian dust to the late Paleozoic ocean is unexplored. Here, we report on the Feyr
content of a loess- derived mudrock that accumulated at lowstand (glacial) time within a
carbonate buildup of the so- called “Horseshoe Atoll” of the Midland basin (west Texas).
High Feygr/Ferratios compared to modern sediments, average crustal ratios of Fer/Al,
sedimentological attributes and paleogeography suggest that the enrichment is primarily
related to weathering at the source. The Feyr — enriched sediment was then deflated and
transported as eolian dust into the study area, which likely influenced the marine primary

productivity in the late Paleozoic Midland sea.

INTRODUCTION
Modern experiments conducted in high-nutrient low chlorophyll (HNLC) patches
of ocean show that, in seawater of normal pH, iron is very insoluble and thus a limiting

nutrient for marine primary productivity, which in turn affects the climate system by CO,
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uptake (“the iron hypothesis”; Martin and Fitzwater, 1989; Martin et al., 1990, 1991,
1994; Kumar et al., 1995; Coale et al., 1996; Boyd et al., 2000; Turner et al., 2004).
Atmospheric dust provides an important source of bioavailable (biogeochemically
reactive) iron to the open ocean (e.g. Fung, et al., 2000; Jickells et al., 2005; Fan et al.,
2006). This, coupled with the recognition of increased atmospheric dust flux during
glacial stages of the late Cenozoic, have caused many to link glacial climates with higher
iron supply to the ocean and thus enhanced marine primary productivity (e.g. Kumar et
al., 1995; Rutberg et al., 2005; Moore et al., 2006; Winckler et al., 2008). Highlighting
similarities between the late Cenozoic and late Paleozoic glaciations in terms of their
repeated glacial- interglacial variations, high atmospheric dust loads, monsoonal
circulation and importance of algal- based bioherms, Soreghan and Soreghan (2002)
hypothesized a possible link between atmospheric dust and primary productivity during
the late Paleozoic, but no further effort has been made to test this hypothesis for the late
Paleozoic, as detecting productivity in the ancient record is not straightforward.
Analytical techniques by Canfield (1989), Raiswell et al (1994), Raiswell and
Canfield (1998), Poulton and Canfield (2005) identified three “reactive” iron pools within
the total iron (Fer) pool. These are highly reactive iron (Feur), poorly reactive iron and
unreactive iron. Feygr consists of amorphous and crystalline iron oxides and
(oxyhydr)oxides that are readily reactive to H,S on an early diagenetic time scale. Fepr in
ancient sediments is dominated by crystalline forms soluble in citrate- bicarbonate-
dithionite solution and iron transformed to pyrite (Fe,y). Studies of modern glacial
sediments show the presence of bioavailable, poorly crystalline iron (oxyhydr)oxides

nanoparticles, the abundance of which is roughly consistent with Fegr content (Raiswell
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et al., 2006). Accordingly, Feyr roughly tracks bioavailability and thus can be used as a
potential proxy for primary productivity.

Here we characterize a late Paleozoic (middle Virgilian) aged, dust- derived
mudrock from a glacio- eustatic sequence of the so- called “Horseshoe Atoll” of the
Midland basin (west Texas), and evaluate the Fepyr pool. Our results indicate remarkably
high ratios of Fepr/Fer relative to modern sediments, which likely influenced primary

productivity in the late Paleozoic Midland sea.

GEOLOGICAL BACKGROUND

The Midland basin was an epicontinental basin that formed during collision
between Gondwana and Laurasia during early Pennsylvanian time. The basin remained
equatorial (<10° N) throughout the late Paleozoic (e.g. Walker et al., 1995; Scotese,
2001). The “Horseshoe Atoll” formed an arcuate, isolated carbonate buildup in the
middle of the Midland basin (Fig. 3.1A) that consists of a series of middle Pennsylvanian
to early Permian- aged phylloid- algal buildups devoid of any siliciclastic material
excepting that delivered via eolian input (Sur et al., in review b). The upper
Pennsylvanian section contains several glacioeustatic sequences (~ 18 to 24 m thick),
separated by subaerial exposure surfaces (sequence boundaries) that record glacial
(lowstand) conditions (Sur et al., in review b). The middle Virgilian study interval
consists predominantly (99%) of carbonate (limestone and dolostone), with <1%
siliciclastic mudrock concentrated at sequence boundaries (Fig. 3.1B).

We focused on the sequence- bounding mudrock from two successive sequences.

The entire section is subsurface, hence our studies are based on material from a
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continuous air- drilled core. Detailed sedimentology of the entire sequence is presented in

Sur et al (in review b).

SEDIMENTOLOGICAL AND GEOCHEMICAL ATTRIBUTES OF THE
MUDROCK

The mudrock (non-fissile clastic mudstone) composes ~ 0.37 m of the studied
(24.3 m) sequence and occurs above the subaerial exposure surface, which is marked by
pedogenic calcrete and root traces (e.g. Saller et al., 2004). This mudrock is in sharp
contact with the carbonate facies (foram/algal grainstone) below and above and exhibits a
dark gray to greenish color (N4 to 5G 4/1) and local randomly oriented slickensides (Fig.
3.2A). Local pedogenic fabrics occur, including subangular blocky microstructures with
planar- and channel- type voids (Bullock et al., 1985), pedotubules (root traces and
burrows), argillans and ferrans. Some samples exhibit a sepic plasmic fabric (Brewer,
1976) (Fig. 3.2B) and small, rare carbonate nodules, with local circumgranular cracks
(Fig. 3.2C). Euhedral pyrite crystals and aggregates of pyrite occur commonly. Scattered
bladed and coarse crystals of marcasite and radiating crystals of marcasite surrounding
pyrite spheres occur locally (Fig. 3.2D). Carbonate is rare in horizons that contain
marcasite.

Isolation of the silicate mineral fraction (SMF) of the mudrock by sequential
removal of carbonate, organic matter, pyrite and Fe- oxides (Sur et al., in review a, b),
reveals that quartz and clay (illite) are the dominant components, followed by muscovite,
potassium feldspar, plagioclase feldspar (albite), zircon and biotite, in decreasing

abundance. Most of the quartz is subrounded to subangular in shape, with some surficial

113



pitting on larger (very fine sand) grains, and are inferred to be of detrital origin. Grain
size analyses of the total SMF reveals mean, median, and modal sizes of ~ 6 um, ~ 5.5
pm and ~ 5 pm respectively.

Several (5) mudrock samples were analyzed for bulk rock geochemistry (ICP-
MS), total organic carbon (TOC), total sulfur (St), dithionite- soluble iron concentration
(Fep), pyrite sulfur concentration (Spy) and pyrite sulfur isotope composition (& 4Spy).
Fepr is measured by summing the Fep and Fe,, (e.g. Poulton and Canfield, 2005). This
method yields ratios of Feyg to total iron (Fer) ranging from 0.657 to 0.78 (Table 3.1).
These values are much higher than reported values from modern riverine particules
(average 0.43 = 0.03; Poulton and Raiswell, 2002), oxically and suboxically deposited
continental margin and deep sea sediments (0.26 £+ 0.09; Anderson and Raiswell, 2004),
glacial sediments (0.11 + 0.11; Poulton and Raiswell, 2002) and Saharan dust particulates
(0.33 £ 0.01; Poulton and Raiswell, 2002). Rather, they approximate modern euxinic
(anoxic and sulfidic) marine sediments, e.g. from the Black Sea, Cariaco Basin, Orca
Basin and Effingham Inlet (Lyons and Severmann, 2006). The Fer/Al of the studied
section ranges from 0.318 to 0.414 (average 0.364), which approaches the average Fer/Al
(0.42) of the upper continental crust (UCC) (Taylor and McLennan, 1985) and is much
lower than values (mean 0.89 + 0.16) from modern euxinic marine sediments (Lyons and
Severmann, 2006). The mudrock contains very low TOC (0.125 to 0.25 %) and relatively
high total sulfur (2.01 to 3.01 %). 634Spy shows heavy values ranging from 1.20 to 10.80

0/OO.

DISCUSSION
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Origin and Diagenesis of the Mudrock

Paleogeographic and sedimentologic considerations led Sur et al (in review b) to
infer that the mudrock originated as a loess deposit. Summary evidence for this inference
includes: 1) paleogeographic isolation of the study area from fluvio- deltaic input; 2) lack
of evidence for sufficient limestone dissolution to form ~ 0.37 m of insoluble residue; 3)
presence of subrounded to subangular detrital quartz grains and a mean particle size of
fine silt (~ 6 pm), which is readily transportable by wind. Moreover, recent recognition of
abundant eolian dust deposits (loess) in western equatorial Pangaea during late Paleozoic
time (e.g. Soreghan et al., 2008a) and recognition of dust as a potential source for
Phanerozoic bedded chert (Cecil, 2004), lend further support for this hypothesis.

The presence of pedogenic features suggest that loess (eolian dust) accumulation
occured primarily during subaerial exposure and was concurrently and/or subsequently
subjected to pedogenesis. Clays in this paleosol are not the product of in situ weathering
or clay illuviation. Instead they are detrital (eolian) in origin as evidenced by changes in
Ti/Zr (immobile element) ratios throughout the profile (Sur et al., in review b). Vertic
features e.g. slickensides and sepic- plasmic microfabric, suggest seasonality. Overall the
paleosol is interpreted as an immature paleosol with vertic features based on the very
weak development of pedogenic structure and lack of distinctive horizonation.

Presence of differential compaction around some pyrite grains suggests an early
diagenetic origin for the pyrite. Sulfate for pyrite formation was likely supplied by
seawater seepage as in many ancient transgressed paleosols (e.g. Wright, 1986; Wright et
al., 1997; Driese and Ober, 2005). This is further supported by the heavy 634Spy. As the

mudrock contains very low TOC, a reasonable electron donor for the sulfate reduction
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could be methane which could reflect production of isotopically heavy H,S (Jorgensen et
al., 2004). The methane could have diffused from the decomposition of soil organic
matter, and the reactive iron supplied from atmospheric dust for the early diagenetic
pyrite formation. However presence of some coarsely crystalline pyrite suggests an origin
during late burial, which likely overprinted the early diagenetic isotopic signal of
seawater. Nonetheless, alterations associated with evaporitic brine solutions during late
burial- stage diagenesis (Saller, 1999) is minor in the studied core, as indicated by the
bulk carbonate rock Sr isotope average value (of 0.708281) which is very close to the
contemporaneous seawater value (T. Rasbury, unpublished data 2007).

Taken together, these observations indicate the mudrock records an origin as a
loess deposit that was slightly pedogenically altered. Its juxtaposition between the
exposure surface (sequence boundary) and superjacent marine limestone (foram/algal
grainstone) suggests its deposition during glacial lowstand (exposure), marked by
attendant high atmospheric dust loads and aridity, and subsequent marine transgression

and diagenesis (Sur et al., in review b).

Enrichment of Highly Reactive Iron/Total Iron (Fenr/Fer)

The high values of Fepr/Fer in the studied mudrock could originate from various
mechanisms as follows:
a) Enrichment due to deep euxinic conditions (e.g. Black Sea, Cariaco Basin, Orca
Basin, Effingham Inlet)?

In this environment, the enrichment of Feyr/Fer occurs due to scavenging of

reactive iron from the water column during syngenetic pyrite formation. This mechanism
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also enriches the Fer/Al ratio by decreasing the detrital Al content in the deep basin
(Lyons and Severmann, 2006). However, in our example the Fer/Al ratio is much lower
than in modern euxinic basins and close to the composition for UCC, which does not
support an influence of local enrichment of Fer/Al. Furthermore, the very low TOC also
contradicts the modern euxinic model, wherein high TOC is expected owing to anoxic
conditions.

b) Enrichment due to in situ weathering of the loess?

Although evidence for some pedogenic activity occurs in the studied mudrock the
weak development of the pedogenic structures and lack of horizonation indicates only
minimal in Situ weathering. Furthermore, high Feyr/Feralso characterizes the silicate
material hosted in the carbonate from the other sequence boundary lacking associated
mudrock and pedogenesis. Hence, in Situ weathering can not provide a major source of
Fepr/Ferin the studied rock and Sur et al (in review b) interpreted the sediments for the
loess deposition as having been sourced from pre- weathered material.
c¢) Enrichment due to weathering at the source?

Glacial- and iceberg- hosted sediments contain poorly crystalline nanoparticulate
iron (oxyhydr)oxides, derived from weathering of the reactive- iron bearing phases at the
source or during transport, and are potentially bioavailable (Raiswell et al., 2006, 2008a,
b). Therefore, processes of weathering at the source can increase highly reactive iron in
the sediments. During glacial phases, physical weathering predominates; Raiswell et al.
(2006), for example, have shown that the ratio of physical to chemical erosion in

glaciated terrain is ~10 times higher than in non- glaciated terrain. Such weathering
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produces copious amounts of fresh rock and mineral surfaces which are prone to
chemical weathering to produce nanoparticulate iron (oxyhydr)oxides.

Glaciation during the late Paleozoic is well established and the glaciation has long
been thought confined to the southern polar (Gondwana) region (Crowell, 1999). More
recently, however, glacial and periglacial conditions have been hypothesized in relatively
low- elevation regions of the Ancestral Rocky Mountains (ARM) in western equatorial
Pangea (Soreghan et al 2008a, b; Sweet and Soreghan, 2008). This hypothesis, if valid,
raises the possibility that the late Paleozoic glaciation was more extreme than that of the
late Cenozoic and thus could have resulted in more voluminous production of
nanoparticulate iron (oxyhydr)oxides. The Fepr/Ferratio in modern glacial sediments
(Raiswell et al., 2006) varies from 0.09 to 0.70 with an average of 0.29. Although the
average is much lower than our average value, their highest value approaches our average
value. Therefore, we hypothesize that the enrichment of Fepyr/Ferin the studied mudrock
may reflect their derivation from glaciated regions of the ARM and/or other highlands
upwind of the study area.

Transport distance can also contribute to Fegr/Fer enrichment, because fine
particles or clay increase in abundance with atmospheric transport distance and result in
increased amounts of soluble iron (e.g. Journet and Desboeufs, 2007). Hence, we suggest
that our data can be best explained by the action of primary source- related weathering

together with eolian transport of the weathered material into the study area.

IMPLICATIONS
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The importance of iron is its solubility and thus its bioavailability. Raiswell et al.
(2006, 2008a, b) noted that iron bioavailability from modern glacial sediments decreases
with increasing crystallinity and age, which is more pronounced with riverine transport.
However, eolian transport of nanoparticulate iron (oxyhydr)oxide directly from the
primary source to the study area during glacial phases should involve considerably
shorter duration, enabling preservation of the amorphous nature and thus the
bioavailability. Solubility of iron and thus bioavailability are further increased during
transport by photoreduction, cloud processing, organic complexation (e.g. Jickells et al.,
2005) and increased clay content (e.g. Journet and Desboeufs, 2007).

From these data, together with growing recognition of remarkably high
atmospheric dust loads and hypothesized episodes of tropical cold climate during the late
Paleozoic (Soreghan et al., 2008a) we propose that large amounts of Feyr were supplied
to glacial late Paleozoic oceans of western equatorial Pangaea. If so, then this Fe- rich
dust could have greatly stimulated primary productivity during glacials, and thus
influenced carbon cycling (Fig. 3.3). This hypothesis merits further exploration and

testing.
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Figure 3.1. A: Location map of the Reinecke Field, Horseshoe Atoll and Midland Basin.
B: Generalized stratigraphy of the Reinecke Field core # 266 (modified after Saller 1999;
Saller et al., 1999).

Figure 3.2. Sedimentary attributes of the mudrock. A: Randomly oriented slickensides. B:
Sepic plasmic fabric; horizontal field of view (FOV) is 8 mm. C: Circumgranular cracks;
FOV is 3 mm. D: Bladed marcasite crystals surrounding pyrite sphere; FOV is 0.3 mm.

Figure 3.3. Schematic of Midland basin during glacial time.
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Figure 3.2
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TABLE 3.1: SUMMARY OF GEOCHEMICAL DATA

Sample TOC S Fe,, Fe Fe o*s
Number (%) (%) (4 (& (4 FewFer FerAl So7w
S-2 0.205 1914 167 0.12 1.78499 0.699996 0.3316 9.6
S-4 0.15 1933 168 0.13 1.81039 0.707184 0.31841 10.8
S-8 0.25 2824 246 0.13 2.58467 0.780868 0.41479 1.2
S-12 0.18 2.019 176 0.14 1.89409 0.65767 0.36 6.7
S-16 0.125 2495 217 0.01 2.18559 0.682997 0.39801 53

* Mudrock samples are in their relative depth position. Depth

2to S-16.
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