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Abstract 

This study documents the occurrence of atmospheric dust from Pennsylvanian 

carbonates of the Copacabana Formation, recovered in core (Mobil-Oxy Manuripi X-1) 

from the Madre de Dios basin (Bolivia), within southern mid-latitudes (~35˚S) of 

western Gondwana. The Copacabana Formation spans Late Carboniferous-Early 

Permian time, and thus formed coeval with and in relative proximity to ice centers and 

associated glacial deposits located at southern paleolatitudes in adjoining regions of 

Gondwana (e.g. the Paraná, Tarija, and Paganzo basins in Brazil, southeastern Bolivia, 

and Argentina, respectively). In Late Carboniferous time carbonate deposition of the 

Copacabana Formation occurred on a ramp isolated from fluvial-deltaic influx, and thus 

siliciclastic material in this system reflects atmospheric input. The study interval 

comprises a series of upwardly shallowing successions 1 – 3 m thick ranging from 

normal marine outer-mid ramp facies to more restricted inner-ramp facies, commonly 

capped by horizons of microkarsted and/or red mudstone reflecting subaerial exposure 

of the carbonate ramp. These surface mark abnormal exposure interpreted to record 

glacial lowstands.  

Dust recovered from throughout the study section varies from ~1 – 43 wgt % in 

carbonate facies and is quartzo-feldspathic. Grain size modes range from <1 to 97 µm, 

with coarser intervals generally corresponding to peak dust content (wgt %), and high-

frequency sequence (glacial-stage) boundaries. However, two discrete sources of 

atmospheric input occur–a western volcanic arc source and eastern continental source, 

recording both westerly (zonal) and easterly (katabatic) wind directions. The western 

(volcanic) source records zonal westerlies expected at this mid-latitude (~35˚S) locality. 



 xi 

In contrast, easterly winds suggest the influence of katabatic winds associated with 

Gondwanan ice centers. The most likely dust-sourcing regions are the periglacial to 

proglacial regions of the Gondwanan ice sheets. Non-volcanic peaks occur most 

commonly associated with subaerial exposure surfaces suggesting peak dustiness that 

accompanied glacial stages.
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Introduction 

Dust deposits form robust paleoclimate archives and are an active climate-

forcing agent. Late Cenozoic records of eolian dust from both continental and marine 

environments comprise high-resolution climate archives (e.g., Rea and Bloomstine, 

1986; Porter and An, 1995; Kemp, 2001; Scheuvens, et al., 2013; Schatz et al., 2015). 

Dust can be preserved within a variety of environments, including glaciers, lacustrine 

and marine systems, and as loess deposits (Smalley, 1966, 1997; Pécsi, 1990; Pye, 

1995; Muhs and Bettis, 2000, 2003, 2014). In the Quaternary, for example, the Chinese 

Loess Plateau constitutes one of the most extensive continental climate archives, as it 

consists of a succession of loess and paleosols that has been accumulating since ~2.6 

Ma, recording variations in atmospheric dustiness through glacial-interglacial phases 

(Kukla and An, 1989; Spassov et al., 2002).  

In the Quaternary, continental dust (loess) deposits form climate archives in both 

periglacial loess deposits of high- and mid-latitudes and in peridesert loess deposits of 

subtropical latitudes (Pecsi, 1990; Pye, 1995; Bettis, et al., 2003; Muhs and Bettis, 

2003; Muhs, et al., 2014). Dust deposits are less known from Earth’s deep-time 

sedimentary record, but are well recognized from the Upper Carboniferous-Lower 

Permian record of western equatorial Pangaea (e.g., Soreghan et al., 2002a, 2002b, 

2008). Dust can be preserved within carbonate systems otherwise isolated from detrital 

(fluvio-deltaic) influx and recovered to assess the geologic record of atmospheric 

dustiness (cf. Sur et al., 2010a). These dust deposits of the Late Paleozoic ice age 

(LPIA) present an opportunity to examine spatial and temporal variations of 
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atmospheric dust loading during Earth’s most recent pre-Cenozoic icehouse and through 

glacial-interglacial cycles (Soreghan et al., 2008, 2014; Heavens et al., 2015).   

Extending previous research that reported apparently high dustiness in the 

Carboniferous-Permian of western equatorial Pangaea (e.g., Soreghan et al., 2008, 

2013; Sur et al., 2010a; Foster et al., 2014), this research examines the amount and 

temporal variation in atmospheric dust flux to carbonate strata of the Upper 

Carboniferous (upper Bashkirian) Copacabana Formation in the Madre de Dios basin, 

Bolivia, which formed in the southern mid-latitude region. For the time interval of 

interest, this carbonate system formed isolated from fluvial-deltaic influx; thus, detrital 

silicate material recovered from these carbonate strata should reflect atmospheric input. 

However, the source of eolian material includes potential volcanic influx in this active 

arc setting, as well as non-volcanic atmospheric dust. The primary goal of this study is 

to assess the atmospheric dustiness and temporal variation in dustiness of the southern 

mid-latitude region of western Gondwana during the study interval of the early Late 

Carboniferous. Specifically, these data document (1) the sources of atmospheric dust 

based on mineral and chemical composition, (2) the impact of glacial-interglacial cycles 

on atmospheric dust variability, and (3) the regional dispersal of the non-volcanic dust 

fraction determined by the dust provenance and paleo-wind patterns. These data can 

shed light on temporal shifts in atmospheric circulation and aridity, and provide input to 

further constrain climate models of the LPIA.  
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Geological Setting 

In the Late Cambrian to Early Ordovician, the western Gondwanan margin 

along the western part of present-day South America developed into an active margin 

(Sempere, 1995; Jaillard et al, 2000; Grader, 2003; Sempere et al., 2002). The 

development of this active margin had two contrasting phases from the Carboniferous 

(359-299 Ma) to Permian (299-254 Ma) interval in that a retroarc foreland basin formed 

inboard of the arc along the western Gondwanan margin in early Carboniferous time, 

but evolved to backarc transtension by the late Carboniferous (Jaillard et al, 2000; 

Grader 2003; Grader et al, 2003), with arc volcanism persisting from Late Cambrian to 

Jurassic times (Isaacson and Diaz Martinez, 1993; Sempere, 1995; Jaillard et al, 2000). 

Paleomagnetic data from the Madre de Dios basin of western Bolivia indicate a 

paleolatitude of ~36˚ S for the Early Carboniferous (Fig. 1; Díaz-Martinez, 1995; 

Sempere, 1995; Grader et al, 2008). The paleolatitude of the region varied considerably 

during this time as this region drifted northward, from ~35˚S in the Late Carboniferous 

to ~19˚S by the Late Permian (Tait et al, 2000; Rakotosolofo et al, 2006). A 

paleolatitude of 28.1˚S was calculated (pers. commun., S. Dulin, 2016) from inclination 

data reported (Rakotosolofo, et al., 2006) for the Early Permian (Asselian-Sakmarian) 

Copacabana Formation exposed in Peru. Thus, the paleolatitude of the studied (older) 

section in Bolivia is constrained to between 36˚S and 28˚S, but likely closer to 36˚S 

given the age. The strata of the Madre de Dios basin reflect this shift from high-mid-

latitude deposition influenced by the near-field effects of Gondwanan glaciation to low-

mid-latitude deposition influenced by carbonate- and eolian-influenced systems (Fig. 3; 

Díaz-Martinez, 1996; Suarez-Suroco, 2000; Grader et al., 2003).  
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Whereas the LPIA was once cast as a prolonged icehouse characterized by 

essentially continuous and invariant glaciation of relatively constant extent, more 

recently several authors have suggested that multiple short-lived ice sheets waxed and 

waned at the 1-8 My timescale throughout high-latitude Gondwana during the Late 

Paleozoic Ice Age (~335-260 Ma; Isbell et al., 2003, 2012; Fielding et al., 2008; 

Montañez and Poulsen, 2013; Limarino et al., 2014). Glacial centers that supplied 

sediment to the Madre de Dios basin comprised the Brazilian Shield to the east, 

Arequipa Massif to the west, and the Puna Arc to the south (Fig. 2-B; Caputo, 2008). 

Limarino et al. (2014) argued that glacial deposits (glacial diamictite, dropstones, and 

varve deposits) diminished during early Bashkirian (early Late Carboniferous) time in 

the basins along western Gondwana, whereas glaciation persisted into Early Cisuralian 

(Early Permian) time in the eastern basins including the Paraná, South Paraná, and 

Chaco Paraná (Fig. 2-B). 

The Copacabana Formation accumulated in the Madre de Dios basin from early 

Late Carboniferous (Bashkirian, ~323 Ma) time through Early Permian (Artinskian, 

~279 Ma) time, and consists of pericratonic marine strata (Grader et al., 2003). The 

Mobil-Oxy Manuripi X-1 core (recovered in 1991) from the northern margin of the 

Madre de Dios basin includes the Devonian Tomachi-Toregua formations, the Upper 

Carboniferous (Bashkirian-Moscovian) interval of the Copacabana Formation, the 

Cretaceous Beu-Eslabon formations, and the Neogene (Miocene) Bala Formation 

(Marshall and Sempere, 1991; Mamet, 1995; Isaacson et al., 1995; Mamet and Isaacson, 

1997). Grader et al. (2003) and Isaacson et al. (1995) used lithofacies associations of the 

Copacabana Formation in the Manuripi-X core to infer an open-marine ramp 
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depositional setting with facies varying from intertidal to distal/basin ramp (Diaz-

Martinez, 1994; Grader, 2003; Grader et al., 2007, 2008). In this study, we focus on the 

upper Bashkirian to lower Moscovian carbonate system (870.0 - 897.5 m subsurface) 

that accumulated isolated from fluvial-deltaic influx; therefore, any siliciclastic material 

archives eolian input into this system.  
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Methods 

Logging, Core Description, and Well Logs 

The Mobil-Occidental Manuripi X-1 core is currently stored at the University of 

Idaho. The studied interval for analysis was 870.0 - 897.5 m subsurface (27.5 m thick). 

Previous palynological studies of the Manuripi X-1 suggested a Bashkirian-Moscovian 

age for this interval (Grader, 2008; Schiappa, 2016). This interval of the studied section 

consists of carbonate with very minor (< 3%) fine-grained red mudstone horizons and 

discrete horizons of green siliceous mudstone. Isaacson (1995) and Grader (2003) 

interpreted the green siliceous material as air fall ash, an interpretation confirmed now 

with new U-Pb zircon analysis. New U-Pb geochronological analysis of the youngest 

zircons recovered from a 1-m ash within the study interval revealed an absolute age of 

316.15 ± 0.52 Ma (2σ) (Hamilton et al., 2016), which falls within the latest Bashkirian 

(near the Bashkirian-Moscovian boundary) according to the latest timescale 

(www.stratigraphy.org, accessed 2016). 

The core was logged at cm-scale resolution to assess lithology and initial facies 

designations. Samples (~35 g) were collected at a vertical resolution of ~20 cm, with 

tighter spacing around suspected sequence boundaries, for a total of 95 samples. Minor 

occurrences of macroscopic diagenesis (e.g., chert, calcite spar-filled fractures) and 

obvious ash layers were avoided during sampling.  

The gamma ray (GR) well log was digitized from the Mobil-Occidental 

integrated stratigraphic composite log of the Manuripi X-1. 
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Petrography, XRF, ICP-MS analysis 

Thin sections (45) of representative facies enabled detailed facies and diagenetic 

analysis and guided sequence-stratigraphic determinations. Petrographic analyses were 

supplemented with chemical analyses using a handheld Bruker Trace IV-SD XRF 

scanner and accompanying software S1PXRF S1 MODE. Major elements were 

analyzed using an accelerating voltage of 15 kv, current of 30 µA, vacuum of <10 Torr, 

and a standing time of 90 seconds with no filter. Trace elements were measured using 

an accelerating voltage of 40 kv, current of 17.1 µA, vacuum of <10 Torr, and a 

standing time of 60 s with a titanium aluminum filter. A total of 86 samples were 

analyzed from the target section with 2 samples analyzed every 10 samples to control 

for any signal drift. In addition, 6 samples of representative facies were powdered for 

whole-rock geochemical analysis (major, trace, and rare earth elements) by inductively 

coupled plasma mass spectrometry (ICP-MS) by an outside vendor.  

Extraction of the Silicate Mineral (Dust) Fraction 

For extraction of the silicate mineral fraction (SMF), 86 samples were cleaned 

of any external debris and crushed to gravel size (~0.5 cm), washed with distilled water, 

then subjected to a series of dissolution steps (details in Sur et al., 2010b). This process 

involved: 1) dissolution of the carbonate with 2N hydrochloric acid (HCl), 2) 

combustion of the acid-insoluble residue at 500˚C for ~15 hrs to remove organic matter 

and oxidize any pyrite, and 3) dissolution of iron oxides with a citrate-bicarbonate-

dithionite (CBD) treatment. The resultant SMF was weighed and inspected using 

reflected-light microscopy to assess the presence of diagenetic contamination. If 

present, diagenetic components (e.g. silicified material) were removed manually and a 
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new sample weight was recorded. Finally, presence of non-detrital components was also 

addressed using smear-slide analysis; if these analyses confirmed presence of only 

detrital components material, the sample was taken to represent dust. Out of the total 95 

samples, only 4.2 % contained non-detrital components consisting of silicified bioclasts, 

and invariably occurring in horizons within 4 cm subjacent to an ash horizon. In rare 

cases (2 samples) wherein authigenic contamination was too pervasive to enable 

separation of the pure detrital component, the sample was eliminated from further 

analysis. 

Scanning Electron Microscopy 

Extracted dust from representative depositional facies was used for additional 

data on grain mineralogy, grain morphology, and surface microtextures. Dust was 

sprinkled on an aluminum stub with double-sided carbon tape, and sputter coated with 

gold-palladium to prevent charging for SEM analysis. A FEI Quanta Scanning Electron 

Microscope was used in secondary electron mode with the following settings: a spot 

size of 5 (dimensionless), a working distance of 10 mm, and an accelerating voltage of 

20 kV. Grains were analyzed with energy-dispersive X-ray spectroscopy (EDS) to 

confirm the mineralogy of the grains prior to morphology analysis. 

Principal Component Analysis (PCA) 

PCA uses correlation statistics to categorize data into uncorrelated linear 

combinations that can explain the most variance represented in the data set in the least 

possible combinations (e.g. for a dataset with N variables, a total of N linear 

combinations will be produced). The top ten elements measured during XRF analysis 

(Ca, Si, Mg, Na, Fe, K, Al, S, Ti, and Mn) registering the highest concentrations (ppm) 
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were selected as input variables for PCA. Samples (53) with concentrations measured 

(average 350 ppm or higher) in all selected ten elements were employed for the studied 

section, with a median sample rate of 0.37 m and mean sample rate of 0.51 m for the 

PCA analysis. The objective of the analysis is to identify which elements dominate the 

principle components (PCs), accounting for the most variance. 

Shape Characterization of Gamma Ray Log 

The first derivative of the Manuripi X-1 gamma ray (GR) curve was determined 

by calculating the differences between two adjacent (sub/superjacent) log values using 

the petrophysics software Techlog. The first derivative represents the slopes between 

consecutive readings and the resulting bi-color image emphasizes high-frequency 

oscillations, which can help identify possible trends of depositional facies (Collins and 

Doveton, 1988; Doveton, 1994).  
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Results 

Lithofacies Characterization 

The Upper Carboniferous (upper Bashkirian-lower Moscovian) study section of 

the Copacabana Formation is composed of 9 lithofacies (Table 1, Fig. 5-6), described 

below. Table 1 also notes common facies associations. 

Boundstone Facies––The boundstone facies consists of light pink to grey lime 

wackestone 20 - 40 cm thick that in thin section exhibits a pervasive clotted micrite 

texture, and contains brachiopods spines and irregularly laminar red algae (cf. 

Wahlman, 2002), and brachiopod spines. The siliciclastic fraction in this facies is <5 

wgt% (Fig. 6-A). 

Interpretation–– The clotted micritic fabric suggests a microbial influence 

(Riding, 2000) that, together with the occurrence of red algae, indicates deposition in a 

subtidal organically bound buildup (Toomey and Winland, 1973). Presence of 

brachiopod components suggests deposition in open marine conditions, but possibly 

below photic zone. 

Bryozoan-Foraminiferal Wackestone––The bryozoan-foraminiferal 

wackestone consists of tan-grey to tan mottled lime wackestone 20 – 80 cm thick 

exhibiting a siliciclastic fraction of <3 wgt%. This facies contains milliolid forams and 

peloids, and comminuted skeletal hash comprising bryozoan and crinoidal debris (Fig. 

6-B).  

Interpretation–– The presence of comminuted debris of primarily heterozoans 

indicates at least periodically moderate energy, within at least storm wave base, and 

thus a proximal open-marine outer-ramp setting. 



 11 

Crinoidal-Bryozoan Packstone––The crinoidal-bryozoan packstone consists of 

grey to tan-pink lime packstone 10 - 65 cm thick, with abundant whole and comminuted 

heterozoans, especially crinoids, bryozoans, and brachiopods.  The siliciclastic fraction 

varies from <1 to ~23 wgt% (Fig. 6-C). 

Interpretation––The predominance of normal-marine heterozoans, and minimal 

lime mud in this facies record deposition in normal subtidal, moderate-energy 

conditions. This facies is interpreted to record deposition in a low- to moderate-energy, 

proximal outer ramp environment, above storm wave base. 

Molluscan Packstone––The gastropod packstone facies consists of massive, tan 

orange to grey lime packstone 10 - 30 cm thick with locally abundant stick bryozoa, and 

gastropod and ostracod debris. The siliciclastic fraction ranges from ~5-11 wgt% (Fig. 

6-D). 

Interpretation––The relatively high abundance of components typical of 

somewhat restricted conditions within a relatively low-mud matrix suggests deposition 

in a moderate-energy, slightly restricted inner-ramp environment.  

Molluscan Mud-Wackestone Facies––The mud-wackestone facies consists of 

tan orange to grey, massive to bioturbated lime mudstone 20 - 80 cm thick. The only 

allochems consist of localized concentrations of thin-shelled molluscs (pelecypods, 

gastropods, ostracods), and peloids or recrystallized ghosts of peloids, and the 

siliciclastic fraction ranges from ~3-22 wgt% (Fig. 6-E). 

Interpretation––The sparse, low-diversity molluscan fauna, and abundant lime 

mud record deposition in a low energy, restricted inner-ramp environment; this facies 

could be a lower-energy, more restricted variant of the molluscan packstone facies. 
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Dolomitic Mudstone––The dolomitic mudstone facies consists of tan orange to 

grey barren dolomitic mudstone 100 – 190 cm thick, exhibiting <7.5% siliciclastic 

material. Some examples of this facies contain remnant halite and gypsum within what 

are now calcitic “snowballs” embedded within a dolomitic matrix (Buck et al., 2010) 

(Fig. 6-F).  

Interpretation––The lack of biota and local presence of displacive evaporite 

pseudomorphs (and rare preserved remnant evaporite phases) in conjunction with the 

dolomitic mineralogy indicates low-energy, highly evaporative conditions, reflecting 

deposition in a highly restricted marginal-marine setting (Smith, 1971; Wilson, 1975; 

Melvin, 1991; pers. commun., K. Benison, 2015). 

Microkarst Facies–– Microkarst horizons 10 cm- 40 cm thick consist of 

angular micritic clasts locally with rare gastropods and ostracod fragments supported 

within a red siltstone matrix. This red to orange-tan facies exhibits fracture-mosaic to 

chaotic brecciated fabrics with the siliciclastic fraction of the matrix ranging from ~7 - 

38 wgt%. This facies commonly overlies dolomitic mudstone or peloidal packstone 

facies (Fig. 5-G).  

Interpretation––The presence of clasts of barren dolomitic mudstone (inferred 

as restricted) commonly exhibiting a mosaic fabric, within an oxidized siliciclastic 

matrix records karstification of restricted facies associated with prolonged subaerial 

exposure (Esteban and Colin 1983; Kerans, 1991) 

Red Mudstone––The red mudstone facies consists of massive to faintly 

laminated calcareous mudstone (siliciclastic fraction >50 wgt%) to silty carbonate 

mudstone (siliciclastic fraction <50 to 22 wgt%) in horizons ranging in thickness from 
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2-12 cm. The grain size modes of the siliciclastic fraction range from ~6-97 µm with the 

coarser material composed of subangular to angular quartzo-feldspathic grains. This 

facies commonly grades upward into the peloidal or crinoidal-bryozoan packstone 

facies. Bryozoan fragments occur rarely (only where subjacent strata consist of the 

crinoidal-bryozoan packstone), otherwise this facies is barren, and locally exhibits 

circumgranular cracking of the micritic matrix (Fig. 6-G).  

Interpretation––The fine-grained siliciclastic fraction within a (typically) 

nonfossiliferous micritic matrix is interpreted to record the introduction of abundant 

eolian material into a very restricted marginal marine or non-marine setting. An eolian 

origin rather than fluvial origin is supported by the consistently fine grain size, and 

massive structure lacking lag deposits or sedimentary structures. Moreover, localized 

circumgranular cracking of the micritic matrix records exposure and incipient 

pedogenesis (Wright, et al., 1988; Platt, 1989; Zarza, et al., 1992). 

Siliceous Claystone— The green-gray claystone intervals are siliceous, and 

occur randomly in discrete horizons ranging from <1 to 100 cm thick, locally disrupted 

(at contacts) by bioturbation.  Average SiO2 content is approximately 53.3 wgt% 

(samples may contain traces of carbonate-bound Ca, hence, this is an approximation). 

These horizons have been recognized previously in both outcrop and core of the 

Copacabana Formation, and interpreted as volcanic ash deposited into the shallow 

marine carbonate system (e.g. Isaacson et al, 1995; Grader, 2003; Grader et al., 2003; 

Zappettini et al., 2015; Fig. 5). Geochemical and geochronological analyses (presented 

in other sections) confirm this.  
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Cyclo- and Sequence Stratigraphy  

The studied section of the Copacabana Formation in the Manuripi X-1 contains 

a range of carbonate facies that record deposition in conditions ranging from normal-

marine subtidal to highly restricted marginal marine/continental, and include evidence 

for prolonged emergence of the marine system sufficient for pedogenic overprints on 

subtidal facies. The facies form successions 1-3 m thick consisting commonly of the 

following facies, from base to top although not all facies are present in each succession: 

boundstone, bryozoan wackestone, crinoidal/bryozoan packstone, gastropod packstone, 

carbonate mud-wackestone, dolomitic mudstone, microbreccia, and/or red mudstone 

(Figs. 4, 7). The shifts from carbonate facies upward into red mudstone or microbreccia 

horizons record subaerial exposure that demonstrate incomplete facies progradation, in 

that supratidal facies are missing prior to subaerial exposure. Such relationships 

constitute “abnormal” subaerial exposure that records the influence of an allogenic 

process, common to icehouse intervals forced by glacioeustasy (e.g. Wright, 1992; 

Soreghan, 1997; Read, 1998; Rankey et al., 1999; Burgess, 2016). Accordingly, these 

facies successions are interpreted as high-frequency sequences recording interglacial 

highstands and glacial lowstands, somewhat analogous to the many examples of such 

Upper Carboniferous-Lower Permian marine to marginal marine “cyclothems” of low 

latitudes in both western (e.g., Soreghan, 1994; Rankey et al., 1999; Heckel, 2002; 

Bishop et al., 2010; Sur et al, 2010a) and eastern (Davies, 2008; Waksmundzka, 2013) 

Pangaea.  
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Stratigraphy Distribution and Sedimentology of the Siliciclastic Fraction 

In view of the carbonate-ramp setting of the Copacabana Formation for the 

study interval, and reinforced by the depositional attributes of the mudstone facies, the 

(non-diagenetic) siliciclastic fraction extracted from this section is taken to record 

atmospheric dust influx. Figure 4-B shows the distribution of this dust fraction through 

the study section. Because Figure 4-B excludes samples from the well-recognized ash 

layers within the section, the fraction depicted here is interpreted to represent 

predominantly non-volcanic atmospheric input to the section. 

As shown in Figure 4-B, the (non-volcanic) dust fraction (hereafter referred to 

simply as “dust fraction”) peaks most commonly coincide with facies associated with 

high-frequency sequence boundaries (red mudstone and microkarst horizons) and 

within shallow-water facies (dolomitic mudstone, molluscan packstone, and molluscan 

mud-wackestone) relative to facies interpreted to record deeper-water deposition 

(crinoidal-bryozoan packstone, bryozoan wackestone, and boundstone). This 

relationship is complicated somewhat by a potential data aliasing since sampling was 

not continuous but represents spots samples at ~20 cm resolution.  

Petrographic analysis of smear slides of the dust fraction from the mudstone 

facies reveals that quartz and clays are the dominant components, followed by feldspar 

(plagioclase), biotite, and zircon, in order of decreasing abundance. The coarser grains 

are subangular to angular, and size modes range from ~6 – 97 µm. In contrast, within 

the carbonate facies, the dust component contains subrounded to subangular grains 

composed of ~90% quartz and ~10% feldspars and clays (visual qualitative estimate). 
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Geochemistry of Lithofacies 

Table 2 shows results of bulk-rock (ICP-MS-based) geochemical analysis of 

representative facies (including ash-rich horizons) from this study, along with average 

loess samples (of Quaternary age) reported in Taylor et al. (1983). A plot (Fig. 8) of La-

Th-Sc compositions shows that ash-rich samples exhibit a volcanic-arc signal whereas 

samples from representative facies plot in the continental margin field similar to loess 

samples from Taylor et al. (1983). Ash samples identified in the La-Th-Sc ternary 

diagram were used as a correlation proxy with other identified ash horizons in the 

studied section to infer their compositional similarities. XRF elemental ratios Na/K and 

K/(Fe+Mg) were used to identify remaining ash-rich horizons (Sageman and Lyons, 

2003). 

Enrichment in Th reflects a silicic source, whereas enrichments in Cr and Sc 

indicate mafic derivation (Totten et al., 2000). Ratios of Th/Sc ≥10 typically indicate a 

granitic/upper continental crust (UCC) signature whereas Th/Sc <1 indicates mafic 

sources (Totten et al., 2000). Figure 9 shows the differentiation of ash-rich samples that 

exhibit an intermediate to mafic composition corresponding to volcanic input from a 

continental island arc, and more felsic compositions for all depositional facies of the 

Manuripi X-1. Additionally, cross plots of Zr/TiO2 and Nb/Y of the ash-rich samples 

indicate volcanic compositions ranging from trachyte to trachyte-andesite (Winchester 

and Floyd, 1977), consistent with this volcanic arc setting (Breitkreuz, 1995; López-

Gamundí and Breitkreuz, 1997, Zapettini et al, 2015; Coira et al., 2016). Carbonate and 

red mudstone facies show a relative depletion in Na2O and K2O compared with ash-rich 

horizons. Al2O3 values for the ash-rich sections vary from ~9 to ~23 wgt % and K2O 
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values vary from ~3 to 5 wgt%, higher than any modern loess sample and higher than 

the red mudstone facies of the Manuripi X-1.  

Figure 10 shows all XRF geochemical data including ash-rich horizons plotted 

in ternary space with apices of Na/K, (Zr/Al)*100, and K/(Fe+Mg). Higher Na and Fe + 

Mg are indicative of volcanic ash input relative to indicators of detrital flux from the 

Upper Continental Crust such as K (Totten et al., 2000; Sageman and Lyons, 2003). 

Figure 7 shows profiles of Na/K and K/(Fe+Mg) ratios; inverse correlation 

(“crossover”) between these measures marks ash-rich horizons. After all the ash 

horizons were identified visually and chemically, they were excluded from subsequent 

Principal Component Analysis. 

XRF Results 

Figure 11 shows XRF-based elemental chemical profiles of Si, Na, Fe, K, Al, S, 

and Ti. Owing to the focus on the silicate (dust) component, elements associated (as 

major or trace phases) with carbonate facies (Ca, Mg, Sr, Fe, Mn) are considered less 

influential than other elements. Facies associated with near-exposure and exposure 

(dolomitic mudstone, microbreccia, and red mudstone facies) exhibit peaks in Si; 

similarly, K, Al, and Ti also peak in red mudstone and microkarst facies, and exhibit 

more variable concentrations in carbonate facies.  

Principal Component Analysis of XRF data 

The results of the PCA are summarized in Table 3 and Figure 8. Principal 

component 1 (PC1) explains 37.26 % of the XRF data variance. The elements K, Al, Ti, 

and Si contribute strongly to PC1, which shows a major oscillation of 20 m from 895 m 
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to 875 m with additional high (spatial) frequency (2 - 5 m) and lower amplitude 

oscillations, resembling the trends exhibited in dust content (Fig. 11). 

PC2 explains 28.59% of the dataset variance, and is characterized by major 

contributions from –Mg (note negative sign), Ca, Na and Ti. The two large minima 

indicate anomalously large contributions from Mg (negative PC value multiplied by -1 

Mg), and are most likely associated with dolomite occurrence. 

PC3 with 11.06 % of dataset variance has main contributions from Mn, -Fe, and 

Si, and oscillates in the 2 m range. 

PC4 (S, -Na, Mn), PC5 (-Fe, Mg), and PC6 (-Si, Mn, Al) explain most of the 

remaining ~20% of the XRF dataset variance, and exhibit relatively regular 2.5 m 

cycles. 

GR Shape Characterization 

Quantitative characterization of the GR curve using its first derivative helped in 

the verification of the oscillations ranging from 2 – 2.5 m. Figure 7 D-E shows a graph 

of the first derivative of the log representing a continuous profile of the log slope, which 

oscillates between positive and negative values. The zero crossing of this profile 

describes shifts in the original log from a peak to trough section. The smoothed GR log 

is averaged by the vertical resolution of the log tool and its first derivative provides 

information on curve oscillation over extended vertical distances, hence, inferring large-

scale cycles. 
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Discussion 

Origin of the Dust Contribution 

The paleogeographic setting of the Copacabana Formation implies it records 

carbonate ramp deposition isolated from fluvio-deltaic input, and facies attributes of the 

(minor) siliciclastic component further reinforces this interpretation. However, two 

discrete sources of atmospheric input occur, differentiated initially from macroscopic 

facies observations, and confirmed with geochemical data. These sources consist of a 

volcanically derived component, and a non-volcanic (continental) component.  

The material of volcanic derivation must reflect transport from the west 

approximately 650 km from the study area (northern Chile-southern Peru), where arc 

magmatism was present, as recorded by pyroclastic and lava flow deposits of Devonian 

through Permian age (Breitkreuz, 1991, 1995; López-Gamundi and Breitkreuz, 1997). 

The volcanic activity was characterized by two episodes of arc magmatism: (1) the 

initial formation along an active margin interpreted to be contaminated with 

metasedimentary crustal components possibly from continental accretion processes, and 

(2) granitic intrusions with related volcanic activity showing evidence of melting of the 

early Proterozoic crust (Mpodozis et al, 1992; Jaillard et al., 2000; Grader, 2003). 

Although the eruptions generating the ash deposits were likely explosive, the presence 

of these ashes nevertheless records a westerly wind component during these events, 

which is expected for this mid-latitude location under conditions of zonal circulation. 

In contrast, the non-volcanic dust component most likely derives from 

continental sources located to the east representing eolian deflation of proglacial and 

periglacial systems that would have emanated from periodically expanding and 
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contracting ice sheets located to the east-southeast (Parana Basin, Chaco-Paranaense, 

and Southeast Subandean Tarija Basins) of Gondwana (Fig. 1-B) (Starck and del Papa, 

2006, Limarino et al., 2013).  The study section was located relatively high on the 

carbonate ramp of the Copacabana system, and approximately 700 km northwest from 

well-recognized late-Bashkirian-early Moscovian ice centers documented in western 

Gondwana (Limarino et al., 2002, 2014; Limarino, 2006; Starck and del Papa, 2006; 

Gulbranson et al., 2015, Fig. 1). Dust input from eastern sources implies wind directions 

with an easterly component for at least part of the time, although the paleolatitude (36˚ 

S) implies placement within a westerly wind regime assuming a zonal climate system. 

This wind pattern requires a reorganization of the regional atmospheric circulation that 

could be explained by katabatic winds emanating from a glacial anticyclone influenced 

by nearby LPIA ice sheets (e.g. analogy to Quaternary systems-- Hobbs, 1943; Muhs 

and Bettis, 2000; Muhs and Budhan 2006; Schaetzl and Attig, 2013) 

Timing and Magnitude of Dust Inputs to the Study Section 

Variation in the volume of dust contributions to the studied section reflects to 

some degree temporal variations in atmospheric dustiness. The volcanic contributions 

would have occurred in a temporally random fashion, but the importance of the 

continental (non-volcanic) fraction appears to have varied relatively systematically in 

time at both the glacial-interglacial timescale and possibly higher-frequency (<105 yr) 

scales.  

High-frequency glacioeustasy and the associated development of cyclothems 

during the late Paleozoic could reflect a dominant Milankovitch control (e.g., Heckel 

1986, 2008; Anderson, 2011; Hinnov, 2013), analogous to the glacial-interglacial 
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oscillations of the Quaternary (Hays et al., 1976). Therefore, a quantitative 

cyclostratigraphic approach was employed to assess the possible influence of orbitally 

driven climatic signals in the dust record. Constraining the geological age of the studied 

section can introduce challenges in determining the periodicity of the rock record 

(Berger et al. 1991). Frequency-domain minimal tuning method was performed on the 

gamma-ray (GR) curve of the Manuripi X-1 to assess Milankovitch precession (17-19 

kyr), obliquity (32 kyr), short eccentricity (95-130 kyr), and long eccentricity (405 kyr) 

cycles (Berger and Loutre, 1991). 

At the glacial-interglacial timescale, the stratigraphic patterns commonly 

document highest dust amounts in lowstand/exposure facies suggesting highest 

atmospheric dustiness during incipient glaciation to full glacial phases (Fig. 12). In the 

study section, the dust fraction increases in the shallowest-water carbonates (late 

highstand/incipient glaciation) approaching sequence boundaries and maximizes at 

microkarst and paleosols (early to full lowstand/full glaciation). Minimal dust input 

corresponds to the deeper-water carbonate facies (Fig. 12), interpreted to record late 

transgression to highstand (incipient to full interglacial).  

These changes in dust input are interpreted to reflect in part the climate of the 

dust source regions, with more humid conditions that restricted dust mobility during 

interglacials. Arid conditions coupled with expansion of regions of eolian deflation 

associated with significant glacial-stage sea-level fall likely resulted in mobilization of 

dust near sequence boundaries, as shown on Al/Zr, Ti/Al, and Si/Al values (Fig. 13). 

The proximity of the study region to major Gondwanan ice centers (Fig. 1) would have 

resulted in major potential for production of rock flour from glacial grinding, as well as 
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heightened wind action. This timing is a common theme for Quaternary proglacial 

regions; for example, Last Glacial Maximum (LGM) ice from alpine systems in Peru 

record heightened dustiness attributed to both aridity and high winds (Thompson et al., 

1995), and many others have noted a pattern of glacial dustiness attributable to aridity, 

exposure of deflation areas (by sea-level change), dust production, and steepened 

temperature gradients that promote gustiness (e.g. Broecker, 2002; McGee et al., 2010; 

e.g., Kohfeld et al., 2013; Lamy et al., 2014).  
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Conclusions 

(1) The silicate mineral fraction extracted from shallow marine carbonates of the 

Pennsylvanian Copacabana Formation (Bolivia) provides a valuable proxy for 

atmospheric dust during Late Carboniferous time in this region relatively proximal to 

the Gondwanan glacial region.  

(2) In the study section, 15 cycles were identified, many capped by evidence for 

subaerial exposure, recording glacioeustatic lowstands associated with waxing and 

waning of nearby icesheets. The dust fraction throughout the study section varies from 1 

– 64 wgt%, inferred to record variations in atmospheric dustiness driven by both 

glacial-interglacial and higher-resolution climate. The general coincidence of inferred 

lowstands with highest dust content suggests greater atmospheric dustiness during 

deglaciation to full glacial phases. 

 (3) Two discrete sources of atmospheric input occur–a western volcanic arc 

source and eastern continental source, recording both westerly and easterly wind 

directions, respectively. A dust input from eastern sources implies wind directions with 

an easterly component for at least part of the time, although the paleolatitude (36˚ S) 

implies placement within a westerly wind regime within a zonal climate system. The 

presence of both components suggests the existence of a katabatic wind regime or 

katabatically enhanced easterlies driven by a glacial anticyclone.  
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Figure Captions 

Figure 1: Paleogeographic map of Gondwana during Late Carboniferous time (323-299 

Ma) modified from Blakey (2011) showing the icesheet distributions and the 

study area. 

Figure 2: (A) Present location of the Mobil-Oxy wells in the Madre de Dios Basin in 

Bolivia. (B) Glacial ice-sheet distribution with paleogeographic features of the 

western margin of Gondwana during the Middle to Late Carboniferous modified 

from Limarino et al. (2014). (C) W-E cross-section showing Upper 

Carboniferous - Permian deposits with paleogeographic features that compose 

the Copacabana Formation. Also, shown is the relative location of the Mobil-

Oxy wells (Manuripi X-1 and Pando X-1) in the Madre de Dios basin (modified 

from Grader, 2003). 

Figure 3: Generalized stratigraphy of the Manuripi X-1 well adapted from Isaacson et 

al., (1995) and Grader, (2003) showing the time interval of this study with star 

symbol.  

Figure 4: (A) Manuripi X-1 lithologic log annotated with sampling levels and example 

dust grain-size distributions for (1) red mudstone (MAN 876.77), (2) 

crinoidal/bryozoan packstone (MAN 886.62), and (3) microkarst facies (MAN 

888.86); (B) Dust weight % distribution throughout lithological log; (C) Dust 

weight % distribution. 

Figure 5: Manuripi X-1 core samples (A) Volcanic ash from 883 m, (B) Bryozoan 

Wackestone, (C) Crinoidal/bryozoan Packstone – note the crinoid fragments (D) 

Gastropod Packstone – large gastropods present, (E) Carbonate mud-
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wackestone, (F) Dolomite Mudstone – note the evaporites, (G) Microbreccia – 

note the angular interclasts in red mudstone matrix, and (H) Red Siltstone, (1) 

grey color carbonate micritic mud in a red mudstone (2). 

Figure 6: Photomicrographs of facies. (A) Boundstone facies, with poorly preserved 

red-algae laminae; (B) Bryozoa wackestone facies, with bryozoan fragment in 

micritic matrix; (C) Crinoidal bryozoan packstone (D) Gastropod packstone 

facies, with abundant ostracod shells; (E) Carbonate mud wackestone facies 

exhibiting low diversity bioclasts and mollusc debris; (F) Dolomitic mudstone 

facies—note “snowballs” interpreted as evaporite pseudomorphs; (G) 

Microkarst facies exhibiting clast floating in siliciclastic matrix; and (H) Red 

Mudstone exhibiting root traces as evidence of pedogenesis.  

Figure 7: (A) Lithologic log showing location of U-Pb dated horizon, (B) Dust weight 

% fraction distribution throughout the core, (C) Inferred upwardly shallowing 

cycles, (D) Gamma ray smoothed 1st derivative curve, (E) Gamma ray 1st 

derivative curve, highlighting smaller oscillations (F) shows gamma ray 

smoothed log overlaying digitized gamma ray log. Oscillations between positive 

and negative values in the derivative curves indicate either an extreme peak or 

through on the gamma ray log curve, and (G) elemental ratios, ashes occur 

where XRF K/(Fe+Mg) and Na/K cross-over creating an ‘ash effect’. 

Figure 8: La-Th-Sc ternary diagram showing Manuripi X-1 samples illustrating 

chemical composition based on depositional environment environment (Cullers, 

1994). Most of the samples group in the continental margins along with loess 
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samples from Taylor et al. (1983). Ash-rich samples group within the 

continental island-arc environment. 

Figure 9: Geochemical cross-plots of oxides and selected trace elements. (A-B) La/Sc 

versus Th/Sc and Cr/Th versus Th/Sc plots suggest a more intermediate-

composition source for the ash-rich samples (Totten et al, 2000), and a more 

mixed composition for the other carbonate facies. (C) K2O + Na2O vs SiO2 plot 

suggests an alkali-siliceous volcanic source for the ash-rich samples. (D) 

Zr/TiO2 vs Y/Pb indicates the volcanic composition of the ash samples. 

Figure 10: Ternary diagram of (Zr/Al)*1000, Na/Al, and K/(Fe+Mg) highlights the 

alkali-volcanic composition of red mudstones and ashy sections (Circled). 

Figure 11: Principal Component Analysis (PCA) showing principal components (PC) 

and their elements with variance percentages. PC 1 to PC 6 account for 96.95 % 

of the total variance, and PC1 shares similar trend as the dust % fraction 

indicating the possible main chemical composition of the dust fraction with 

minor contribution of other elements from other PC groups. 

Figure 12: (A) Timing of dust influx with respect to relative sea level in the study 

interval. B) Schematic of mudrock and carbonate deposition during various 

glaciao-eustatic phases. 

Figure 13: Dust % fraction plotted along the element ratios of Al/Zr, Ti/Al, and Si/Al to 

show the possible composition of the dust as aridity presumably increased with 

the onset of glacial stages.  
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Appendix I: Tables and Figures 

Table 1: Facies Summary 

Facies (code) Lithology Structures 
Common 

Facies 
Associations 

Allochems 
Typical 

Thickness 
(cm) 

Interpretation/ 
Association 

Facies 

Dust 
% 

Dust 
size 

mode 
range 

           

Boundstone (8) Light pink to 
grey 

 lamina red 
algae, clotted 

micrite 

Crinoidal-
bryozoan 
packstone 

and 
microkarst 

  20 - 40 Outer ramp ~ 4 ~1 – 
3 

           

Bryozoan 
Wackestone (7) 

buff grey to 
tan 

wackestone 
bioturbation 

Brachiopod-
bryozoan 
packstone 

and micritic 
mudstones. 

comminuted 
skeletal hash 
of bryozoa, 

crinoid; 
peloids 

20  - 80 

Low to 
moderate 
energy, 

proximal outer 
ramp 

~1 -
3 ~1 - 2 

  
       

  

Crinoidal/bryozoan 
Packstone (6) 

Grey to tan 
pink 

packstone  

This facies is 
commonly 

subjacent to 
the bryozoan 
wackestone 

facies. 

comminuted 
skeletal 
hash; 

common to 
abundant, 
crinoid, 

brachiopod, 
and 

bryozoan 
fragments 

10 - 65 

Open marine, 
low to 

moderate 
energy, 

proximal to 
outer ramp 

~1 - 
23 

~1 – 
15 

           

Molluscan 
Packstone (5) 

Tan orange to 
grey 

packstone    

tubular 
forams, 

abundant 
gastropod 

and ostracod 
debris, stick 

bryozoa, 
calcispheres 

10 - 30 
Low energy, 

restricted inner 
ramp 

~5 - 
11 2 – 4 

  
       

  

Molluscan mud-
wackestone (4) 

Tan orange to 
grey  bioturbation 

Gastropod 
Packstone 

and 
microkarst 

abundant 
thin 

pelecypods; 
calcite 

replaced 
ghosts 

20 - 80 
Low energy, 

restricted inner 
ramp subtidal 

~3 - 
43 

~1 – 
43 

           

Dolomitic 
Mudstone (3) 

Tan orange to 
grey 

dolomitic 
mudstone 

 microkarst evaporitic 
psudomorphs 100 - 190 

Highly 
restricted inner 

ramp 

~3 - 
7 

~2 – 
3 

           

Microkarst (2) 
red to orange 

tan 
microbreccias 

mosaic and 
chaotic 

fractures - 
breccias 

Dolomitic 
mudstone or 

gastropod 
packstone 

angular 
clasts 

mudstone, 
detrital 
angular 

quartz, some 
clay coated 
(hematite) 

10 - 40 
prolonged 
subaerial 
exposure 

~8 - 
38 

~4 –
95 

           

Red Mudstone (1) Red 
mudstone 

circumgranular 
cracking 

Crinoidal-
bryozoan 
packstone 
microkarst 

detrital 
angular 

quartz grains 
2 - 12 Subaerial 

exposure 
~7 - 
64 

~6 – 
97 

           

Green Claystone Green 
Claystone   Random   <1-100 Volcanic Ash - - 

 1 
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Table 2: Geochemistry of representative facies Manuripi X-1 core (MAN) and 
quaternary loess samples from Taylor et al, 1983 (*) 
 

Sample La 
(ppm) 

Th 
(ppm) 

Sc 
(ppm) 

Cr 
(ppm) 

SiO2 
(%) 

Al2O3 
(%) 

CaO 
(%) 

K2O 
(%) 

Na2O 
(%) 

K2O+Na2O 
(%) La/Sc Th/Sc La/Cr Sc/Cr 

MAN 872.7 15.3 3.7 3.0 40.0 20.0 4.0 39.5 1.1 0.1 1.2 18.3 6.7 0.4 0.1 

MAN 873.9 5.6 1.7 1.0 40.0 13.3 1.8 45.6 0.5 0.0 0.5 6.6 2.7 0.1 0.0 

MAN 875.7 7.8 4.8 3.0 20.0 17.0 5.5 40.1 1.3 0.1 1.4 10.8 7.8 0.4 0.2 

MAN 876.0 14.6 7.7 3.0 80.0 26.1 6.7 32.7 1.8 0.1 1.9 17.6 10.7 0.2 0.0 

MAN 876.8 3.5 34.2 8.0 10.0 51.2 22.6 1.8 4.9 0.2 5.0 11.5 42.2 0.4 0.8 

MAN 880.6 4.0 0.4 <1 10.0 5.1 0.4 39.8 0.1 0.0 0.2 4.5 0.9 0.4 0.1 

MAN 882.9 22.2 16.2 13.0 100.0 55.4 14.1 6.1 4.0 0.2 4.2 35.2 29.2 0.2 0.1 

MAN 883.7 5.8 0.2 0.5 80.0 1.4 0.2 54.9 0.1 0.0 0.1 6.3 0.7 0.1 0.0 

MAN 884.4 3.1 0.4 <1 50.0 2.9 0.3 52.7 0.1 0.0 0.1 3.6 0.9 0.1 0.0 

MAN 885.4 3.7 0.3 <1 10.0 10.7 0.4 50.7 0.1 0.0 0.1 4.2 0.8 0.4 0.1 

MAN 888.9 15.9 4.6 3.0 20.0 15.6 4.5 40.4 1.2 0.1 1.3 18.9 7.6 0.8 0.2 

MAN 889.2 2.4 0.5 <1 60.0 3.5 0.5 52.0 0.1 0.0 0.2 2.9 1.0 0.0 0.0 

MAN 891.8 22.9 3.2 1.0 20.0 27.8 2.0 37.8 0.8 0.1 0.9 23.9 4.2 1.1 0.1 

MAN 895.1 15.9 1.6 3.0 30.0 8.2 2.5 47.3 0.9 0.1 0.9 18.9 4.6 0.5 0.1 

MAN 895.4 6.9 0.4 1.0 10.0 2.8 0.3 55.4 0.1 0.0 0.1 7.9 1.4 0.7 0.1 

MAN 962.8 21.0 6.9 7.0 30.0 31.3 8.6 25.5 2.7 0.2 2.9 28.0 13.9 0.7 0.2 

*BP-1 34.0 11.1 8.0 31.0 72.7 0.6 1.5 2.4 3.3 5.7 4.3 1.4 1.1 0.3 

*BP-2 32.0 10.3 8.4 32.0 74.0 0.6 1.5 2.3 3.1 5.4 3.8 1.2 1.0 0.3 

*BP3 41.0 9.8 8.5 32.0 72.5 0.7 1.3 2.3 3.1 5.4 4.8 1.1 1.3 0.3 

*BP4 35.6 10.2 8.0 30.0 74.0 0.6 1.3 2.4 3.4 5.9 4.5 1.3 1.2 0.3 

*BP5 35.2 9.5 7.6 30.0 72.5 0.5 1.6 2.5 3.6 6.0 4.6 1.3 1.2 0.3 
*Kaiserstuhl 

1+ 25.0 5.4 5.7 42.0 59.9 0.3 23.1 1.3 0.8 2.1 4.4 0.9 0.6 0.1 
*Kaiserstuhl 

2+ 25.0 5.8 6.0 42.0 59.1 0.3 22.9 1.3 0.9 2.2 4.2 1.0 0.6 0.1 

*KANSAS A 34.0 8.3 5.7 31.0 80.4 0.6 1.1 2.5 1.6 4.1 6.0 1.5 1.1 0.2 

*KANSAS B 31.0 7.0 5.4 33.0 80.8 0.6 1.1 2.6 1.6 4.2 5.7 1.3 0.9 0.2 

*KANSAS C 39.0 10.0 4.9 32.0 79.9 0.7 1.2 2.6 1.7 4.3 8.0 2.0 1.2 0.2 

*IOWA 33.1 12.8 - - 79.5 0.7 0.9 2.2 1.5 3.6 - - - - 

 1 
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Table 3: Correlation between element concentrations and principal components 
(PC) 

PC1 PC2 PC3 PC4 PC5 PC6

[1,]Ca -0.2941 0.4696 -0.0453 0.0415 -0.1143 0.1616

[2,]Si 0.3987 0.0100 0.3721 0.1828 -0.0283 -0.6849

[3,]Mg 0.0264 -0.5520 -0.0990 -0.0801 0.0776 0.3488

[4,]Na 0.2324 -0.4133 -0.0261 -0.4257 0.3087 -0.1092

[5,]Fe 0.2606 -0.2146 -0.3770 0.0199 -0.8403 -0.0373

[6,]K 0.4562 0.2059 -0.1669 -0.0106 0.2050 0.1686

[7,]Al 0.4492 0.2079 -0.1394 0.0275 0.1570 0.3216

[8,]S -0.0540 -0.2446 -0.3643 0.8198 0.2726 -0.0749

[9,]Ti 0.4042 0.3149 -0.2406 -0.0102 0.0449 0.0184

[10,]Mn 0.2359 -0.1150 0.6848 0.3222 -0.1890 0.4817

Port. Var. 37.26 28.59 11.06 9.11 6.41 4.51

Cumul. Var. 37.26 65.85 76.91 86.02 92.44 96.95   



 40 

     

Ta
bl

e 
4:

 S
tr

at
ig

ra
ph

ic
 L

oc
at

io
n 

an
d 

D
us

t A
na

ly
se

s 



 41 

    

Ta
bl

e 
5:

 S
tr

at
ig

ra
ph

ic
 L

oc
at

io
n 

an
d 

D
us

t A
na

ly
se

s 



 42 

   

Ta
bl

e 
6:

 S
tr

at
ig

ra
ph

ic
 L

oc
at

io
n 

an
d 

D
us

t A
na

ly
se

s 



 43 

   

Ta
bl

e 
7:

 S
tr

at
ig

ra
ph

ic
 L

oc
at

io
n 

an
d 

D
us

t A
na

ly
se

s 



 44 

 
 

  

Figure 1 



 45 

 

Figure 2 
 



 46 

 
Figure 3 



 47 

 

Figure 4 
  



 48 

 

Figure 5 



 49 

 

Figure 6 



 50 

  
Figure 7 



 51 

 
 

 

 
 

Figure 8 
  



 52 

 

 

 
 
 

Figure 9 
 



 53 

 

 
 

Figure 10 

Ash	Rich		
Samples	



 54 

 

Figure 11 
 

 

 

  



 55 

 

Figure 12 
  



 56 

 
  

Figure 13 



 57 

Appendix II: Additional Figures 
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