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ABSTRACT 
 

Carboniferous-Permian strata in basins within and proximal-to the Central Pangean 
Mountains (CPM) archive regional paleoequatorial climate during a unique interval in geological 
history (Pangean assembly, ice-age apex-and-collapse, megamonsoon inception). Whether these 
strata preserve a periglacial signal—or are periglacial in origin—remains debated. With a focus 
on upper Paleozoic (Upper Carboniferous – Permian) strata from the Lodève Basin, south-central 
Massif Central, France (eastern equatorial Pangea), this dissertation aims to address these 
questions through detailed sedimentology and analytical methods such as sediment 
geochemistry, detrital zircon geochronology, and cyclostratigraphy (time series analysis of 
magnetic susceptibility data). The purpose of this abstract is to illuminate relationships among 
the four chapters of this dissertation. Each chapter to follow is formatted for publication in 
various peer-reviewed scientific journals. 
 

Ancient (Upper Carboniferous-Permian) loess deposits represent semiarid paleoclimates 
that—relative to the Quaternary Earth—are unusual in terms of their (paleo)equatorial 
occurrence (Chan and Archer, 2003; Muhs and Bettis, 2003; Soreghan et al., 2008a). 
Voluminous loess deposits are well recognized in the Upper Carboniferous-Permian record of 
western equatorial Pangea (e.g., Murphy, 1987; Johnson, 1989; Kessler et al., 2001; Soreghan et 
al., 2002, 2008a, 2014b; Soreghan and Soreghan, 2007; Mack and Dinterman, 2002; Tramp et 
al., 2004; Sweet et al., 2013; Giles et al., 2013; Foster et al., 2014), where they have been 
interpreted as derived from periglacial processes (Soreghan et al., 2008, 2009, 2014a). Chapter I 
aims to test the hypothesis that lower Permian strata in eastern equatorial Pangea (eastern CPM) 
might record a similar paleoclimatic significance. Through detailed sedimentology, provenance, 
and geochemical analysis of the Permian Salagou Formation (Lodève Basin, France), we 
interpret that the ~1.5-km-thick Salagou Formation involves eolian transport of fine-grained (silt-
sized) sediment and ultimate deposition as loess, and as dust preserved in shallow, ephemeral 
lacustrine environments. Coarse-grained protoliths and geochemical proxies that correspond to a 
low degree of chemical weathering and cool (∼4°C) mean annual temperatures suggest that silt 
generation is most consistent with glacial and periglacial processes in the Variscan Mountains 
(eastern CPM). These results further support a revised model for early Permian climate, showing 
continuity of a globally unique distribution of dust across low-latitude upland regions of the 
supercontinent, where a semiarid tropics may have hosted significant ice at moderate elevation. 
 

Analysis and modeling of magnetic susceptibility data through a ~1000-m paleoloess 
section from the Salagou Formation (Chapter II) yields distinctive Milankovitch-scale 
paleoclimatic variability through the middle to late Cisuralian (ca. 285-275 Ma), including 
evidence of a predominant orbital eccentricity-scale cyclicity (~10-m-thick) and subordinate 
obliquity and precession-scale variability (~3.5 and ~1.8 m-thick). Application of methods 
designed for cyclic stratigraphy with uncertain timescales indicates depositional rates between 9 
to 14 cm/kyr from the lower-upper Salagou Formation. We propose—with the support of 
laboratory rock magnetic data—that the rock magnetic signal is pedogenically driven, and that 
the Salagou Formation records ~10 million years of astronomically-forced climatic cyclicity. 
These results are consistent with eccentricity-scale loessite–paleosol cyclicity in the deep-time 
record of western equatorial Pangea 100 kyr-scale (Soreghan et al., 1997, 2002; Soreghan M.J. et 
al., 2014; Tramp et al., 2004), and—more recently— the lower Guadalupian record of mid-
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latitude eastern Pangea (Huang et al., 2020). Furthermore, this study demonstrates the ability to 
recognize cyclic trends through extended stratigraphic successions of deep-time loessite using a 
portable MS meter. These methods are conducive for rapid and convenient in situ data 
acquisition. 
 

Moving slightly lower in the section of the Lodève Basin, to the lower Permian (lower 
Cisuralian) Usclas Formation, Chapter III probes the mechanisms of formation of delicate 
impressions in lacustrine strata. These sediments accumulated in the paleoequatorial and 
intramontane Lodève Basin during peak icehouse conditions (Late Paleozoic Ice Age). Evidence 
for periglacial and proglacial conditions at paleoequatorial latitudes (though controversial) have 
been hypothesized in both western (Ancestral Rocky Mountains; Soreghan et al., 2008ab; 
2014ab) and eastern Pangea (Variscan paleomountains; Julien, 1895; Becq-Giraudon and Van 
Den Driessche, 1994; Becq-Giraudon et al., 1996; Chapter I - Pfeifer et al., 2020). Our 
experimental replication of delicate, stellate features that occur here in the Usclas Formation 
corroborates the interpretation that they are ice-crystal molds. This work records ephemeral 
freezing in equatorial Pangea, calling for a reevaluation of climate conditions in eastern 
equatorial Pangea. Ephemeral freezing at low latitudes and low-moderate altitudes (< 2 km), 
implies either cold tropical temperatures (~5°C cooler than the Last Glacial Maximum) and/or 
lapse rates that exceeded those of the Last Glacial Maximum. 
 

The work involved in this dissertation was funded by the NSF-IRES (International 
Research Experiences for Students) program, and thus involved annual recruitment, 
participation, and mentorship of U.S. undergraduate geoscience cohorts (predominantly first-
generation college students, largely from historically underrepresented groups in STEM). 
Chapter IV discusses how activating Multicontext pedagogy—a model that recognizes and 
includes a broader spectrum of “knowing and doing” (Ibarra, 2001; Chávez and Longerbeam, 
2016; Weissmann et al., 2019)—resulted in measurable advances in self-efficacy and 
field/analytical competencies, especially for higher-context students, from the first to second 
year of the program. Academic culture—especially in STEM—tends to favor the “low-context” 
approach of scientific inquiry (task-oriented, linear, individuated), but many students bring 
different cultural values from personal or community-based experiences that tend to be higher-
context (process-oriented, systems-thinking, integrated). This work shows how recognizing and 
adapting to a broader spectrum of culturally-based learning perspectives enhances program 
quality – even for a short ~four-week field season. 
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LOESS IN EASTERN EQUATORIAL PANGEA ARCHIVES A DUSTY ATMOSPHERE 
AND POSSIBLE UPLAND GLACIATION   

 
ABSTRACT  
 

Carboniferous–Permian strata in basins within the Central Pangean Mountains in France 
archive regional paleoequatorial climate during a unique interval in geological history (Pangea 
assembly, ice-age collapse, megamonsoon inception). The voluminous (∼1.5 km) succession of 
exclusively fine- grained red beds that comprises the Permian Salagou Formation (Lodève Basin, 
France) has long been interpreted to record either lacustrine or fluvial deposition, primarily based 
on a local emphasis of subaqueous features in the upper ∼25% of the section. In contrast, data 
presented here indicate that the lower-middle Salagou Formation is dominated by up to 15-m-
thick beds of internally massive red mudstone with abundant pedogenic features (microscale) 
and no evidence of channeling. Up-section, limited occurrences of ripple and hummocky cross-
stratification, and mudcracks record the intermittent in- fluence of shallow water, but with no 
channeling nor units with grain sizes exceeding coarse silt. These data suggest that the most 
parsimonious interpretation for the Salagou Formation involves eolian transport of the sediment 
and ultimate deposition as loess in shallow, ephemeral lacustrine environments. Provenance 
analyses of the Salagou Formation indicate coarse-grained protoliths and, together with 
geochemical proxies (chemical index of alteration [CIA] and τNa) that correspond respectively to 
a low degree of chemical weathering and a mean annual temperature of ∼4 °C, suggest that silt 
generation in this case is most consistent with cold-weathering (glacial and associated 
periglacial) processes in the Variscan highlands. Together with previous studies that detailed 
voluminous Permian loess in western equatorial Pangea, this work shows a globally unique 
distribution of dust at low latitudes that can be linked either directly to glaciated alpine terranes 
or to reworked and deflated deposits of other types (e.g., fluvial outwash) where fine-grained 
material was originally generated from glacial grinding in alpine systems. These results further 
support a revised model for early Permian climate, in which extratropical ice sheets coexisted 
with a semiarid tropics that may have hosted significant ice at moderate elevation. 
 
INTRODUCTION 
 

Ancient (pre-Quaternary) loess deposits record valuable information about paleoclimate 
and are well recognized in the Upper Paleozoic record of western equatorial Pangea (e.g., 
Murphy, 1987; Johnson, 1989; Kessler et al., 2001; Soreghan et al., 2002, 2008a, 2014b; 
Soreghan and Soreghan, 2007; Mack and Dinterman, 2002; Tramp et al., 2004; Sweet et al., 
2013; Giles et al., 2013; Foster et al., 2014). The paleoclimatic significance of voluminous Upper 
Paleozoic loess, particularly in equatorial latitudes, remains debated: Some argue for a 
periglacial derivation (glacial grinding and eolian deflation; Soreghan and Soreghan, 2007, 2008; 
Soreghan et al., 2008b, 2009, 2014a, 2014b), and others argue for a peridesert origin (e.g., 
reworking of eolian dunes; Johansen, 1988). In either case, loess deposits represent semiarid 
conditions that—relative to Quaternary Earth—are unusual for equatorial regions (Chan and 
Archer, 2003; Muhs and Bettis, 2003; Soreghan et al., 2008a). Global paleogeography in the late 
Paleozoic was governed by the assembly of Pangea, and formation of the low-latitude Central 
Pangean Mountains, which spanned from the Variscan-Hercynian system of Europe (Ziegler et 
al., 1979; Ziegler, 1996) west to the Appalachian-Ouachita-Marathon uplifts of North America. 
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Interpretations of loess production in the deep-time record vary; however, if late Paleozoic loess 
in the western United States has an inferred origin in low-latitude, upland periglacial processes 
(e.g. Soreghan and Soreghan, 2007; Sweet and Soreghan, 2008; Soreghan et al., 2008a, 2008b, 
2009, 2014a, 2014b), then deposits in the Central Pangean Mountains in eastern equatorial 
Pangea (western Europe) might reflect similar controls on sedimentation across the low-latitude 
upland regions of the supercontinent. 

Carboniferous–Permian strata in basins that formed as a result of postorogenic collapse of 
the Variscan Mountains (eastern Central Pangean Mountains) in France preserve an unusually 
complete record of highland-proximal sedimentation in the late Paleozoic. In this paper, we 
document the sedimentology of the Permian Salagou Formation, an ∼1.5-km-thick monotonous 
succession of exclusively fine-grained red beds in the Lodève Basin (Massif Central, south- 
central France), long interpreted to record either fluvial floodplain or lacustrine depositional 
settings. This work presents new interpretations for these strata that have implications for our 
understanding of paleoequatorial climate during the decline of the late Paleozoic icehouse, and it 
also contributes to our repertoire of methods for recognizing well-lithified, diagenetically altered 
loessite in the deep-time record. 
 
GEOLOGIC BACKGROUND 
 
Geologic Setting 
 

The Variscan orogeny was a complex arc-continent collision (Matte, 1986) involving 
long-lived (ca. 500–290 Ma) convergence and extensive crustal shortening (>600 km), followed 
by mid-late Carboniferous gravitational collapse of the overthickened crust (e.g., Ménard and 
Molnar, 1988; Burg et al., 1994). Several discrete Carboniferous–Permian continental rift basins 
in the French Massif Central (Fig. 1) record subsequent development of extensional detachment 
faults as well as extensional reactivation of long-lived Variscan faults (Van Den Driessche and 
Brun, 1989; Malavieille et al., 1990; Burg et al., 1994). These basins remained within the 
equatorial belt throughout the late Paleozoic and archive regional paleoequatorial climate during 
the collapse of the late Paleozoic icehouse. 

The late Paleozoic Pangean supercontinent disrupted zonal oceanic and atmospheric 
circulation patterns and led to extreme climate conditions (Parrish, 1993). Globally, the 
Carboniferous to Permian transition is characterized by an overall trend of increased aridity at 
equatorial latitudes—from widespread peat accumulation in the Carboniferous to arid-climate 
strata such as eolian siliciclastic and evaporitic facies in the Permian (Parrish, 1993; Tabor and 
Poulsen, 2008). Late Paleozoic Gondwanan glaciation is supported by abundant geologic 
evidence and is inferred to reflect several fundamental forcing mechanisms that cooled Earth, 
such as low pCO2 and solar luminosity (Crowley et al., 1991; Montañez et al., 2007), potentially 
augmented by elevated sulfate aerosols produced by explosive volcanism (Soreghan et al., 2019). 
Hypothesized upland glaciation in the Variscan paleomountains of eastern equatorial Pangea was 
originally posited by Julien (1895), followed by several others (Grangeon, 1960; Dewolf, 1988; 
Sabrier et al., 1993; Becq-Giraudon and Van Den Driessche, 1994; Becq-Giraudon et al., 1996), 
but it remains controversial and not generally accepted. Paleoaltitude estimates for the Variscan 
Mountains range widely (<1000 to >5000 m; e.g., Becq-Giraudon and Van Den Driessche, 1994; 
Becq-Giraudon et al., 1996; Keller and Hatcher, 1999; Fluteau et al., 2001; Schneider et al., 
2006; Roscher and Schneider, 2006). 
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Lodève Basin 
 

The Graissessac-Lodève Basin, southern-most Massif Central (Fig. 1), is one of several 
extensional continental basins that recorded late-stage Variscan collapse. It remained in 
equatorial latitudes (∼5°S to ∼15°N throughout the late Paleozoic; Domeier and Torsvik, 2014; 
Muttoni and Kent, 2019) and preserves one of the thickest, most complete, and well-exposed 
records of Upper Paleozoic strata in Europe, and it is well correlated to other European 
Carboniferous– Permian basins (Körner et al., 2003), such as the St. Affrique and Rodez basins 
to the north (e.g., Hübner et al., 2011). Sediment was sourced from the west and southwest basin 
margins (Odin, 1986; Pochat and Van Den Driessche, 2011), primarily from rapid (1–17 mm/yr) 
exhumation of the Montagne Noire metamorphic core complex ca. ∼300–285 Ma (Pfeifer et al., 
2016). The lower (Upper Carboniferous–Lower Permian) “gray facies” accumulated in inferred 
ever-wet, fluvial-alluvial, deltaic and deep-lacustrine environments, and it transitions up section 
to the Permian “red facies,” composed of continental red beds interpreted to record deposition in 
fluvial floodplain, deltaic, and playa-lake environments (e.g., Fig. 1; Odin, 1986; Gand et al., 
1997; Körner et al., 2003; Pochat et al., 2005; Schneider et al., 2006; Roscher and Schneider, 
2006; Lopez et al., 2008; Pochat and Van Den Driessche, 2011). This gray-to-red transition 
(Lower Permian) is widely interpreted to reflect increased aridity and seasonality during the 
collapse of the late Paleozoic icehouse (Körner et al., 2003; Schneider et al., 2006; Roscher and 
Schneider, 2006; Lopez et al., 2008; Michel et al., 2015a), but others posit that this shift records 
a tectonic evolution (enlargement of the extensional basin) with superimposed climatic variation 
(Pochat and Van Den Driessche, 2011). Lodève Basin strata subsequently underwent deep (∼3 
km) burial and high geothermal heat flow (up to 610 °C in the western Graissessac Basin; 
Copard et al., 2000) and thus are moderately to severely diagenetically overprinted. Diagenesis 
precludes paleoenvironmental reconstructions (e.g., pCO2) based on paleopedological isotopic 
analyses and clay mineralogy (e.g., Schneider et al., 2006; Quast et al., 2006; Michel, 2009; 
Michel et al., 2015a). 
 
Salagou Formation 
 

The Permian Salagou Formation consists of an estimated 1500–1700 m of fine-grained 
red beds. They resemble the voluminous fine-grained Permian red beds of western equatorial 
Pangea (e.g., Soreghan et al., 2008a) studied in many regions of the southwestern and 
midcontinental United States that have been interpreted as ancient loess deposits (Murphy, 1987; 
Johnson, 1989; Kessler et al., 2001; Soreghan et al., 2002; Mack and Dinterman, 2002; Tramp et 
al., 2004; Soreghan and Soreghan, 2007; Sweet et al., 2013; Giles et al., 2013; Foster et al., 
2014). The Salagou Formation is thought to have accumulated over several million years, but 
dates remain in flux. The Rabejac Formation, immediately below the Salagou Formation, is 
middle Artinskian in age, based on the age of the lowest ash bed in the Salagou Formation (284.4 
Ma; Michel et al., 2015a) and tetrapod footprints (Schneider et al., 2019). Magnetostratigraphy 
from Evans (2012) indicated that the Salagou Formation lies within the Kiaman superchron 
(>262 Ma), confirmed by U-Pb dating on inferred tuffs in the lower– mid-Salagou Octon 
Member (Michel et al., 2015a) ranging from 284.4 to 282.9 Ma, but the latter dates have been 
disputed (Pochat and Van Den Driessche, 2015; Michel et al., 2015b). 

Previous studies of the Salagou Formation have recognized two primary members within 
the formation: the Octon Member (lower–middle Salagou, ∼1200 m) and the Merifons Member 
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(upper Salagou, ∼600 m), wherein the Merifons transition is defined by a sudden increase in thin 
silt to fine sand calcareous interbeds (e.g., Körner, 2006; Schneider et al., 2006). At the western 
margin of the basin, there is an abrupt transition from “dry” (playa) red beds (Salagou 
Formation) to “wet” (alluvial-fluvial) red beds (upper Merifons Member to La Lieude Formation 
and La Tour-sur-Orb fanglomerates), but no chronostratigraphic data exist for the La Lieude 
Formation aside from the tetrapod track ichnofauna that provides a Guadalupian age (Schneider 
et al., 2010, 2019). These coarse-grained deposits are stratigraphically above the majority of the 
Salagou Formation (∼1.5 km of the Octon Member to lower Merifons Member described in this 
paper).  

A predominance of features in the upper ∼25% of the Salagou Formation (Merifons 
Member) bears evidence of waterlain deposition, leading to prevailing interpretations that 
advocate either fluvial floodplain or playa-lake deposition (Odin, 1986; Pochat et al., 2005; 
Schneider et al., 2006; Lopez et al., 2008; Pochat and Van Den Driessche, 2011). Yet, the 
majority of the section below this point (Octon Member–lower Merifons Member) is internally 
structureless and lacks evidence for fluvial deposition (e.g., channelization, cross-stratification, 
unidirectional paleocurrent indicators, evidence for floodplain deposition such as climbing 
ripples, or even laminae). Environmental interpretations include (1) a semiarid, fluctuating 
shallow playa lake (Merifons Member; westernmost part of basin) that graded eastward into a 
vast, sporadically flooded plain (Odin, 1986), (2) a playa floodplain with ephemeral lakes and 
Vertisol to calcic Vertisol horizons, where desiccation features represent overbank deposits or 
sheetflood events that mobilized fine detritus (Schneider et al., 2006; Lopez et al., 2008; Michel 
et al., 2015a), and (3) a large, oxic lake (Pochat et al., 2005; Pochat and Van Den Driessche, 
2011), where the consistent orientation of wave ripples in the upper part of the formation records 
stable climate, S-SW–directed wind (present-day coordinates), and estimated water depths of 
∼6–50 m during the mid- to Late Permian (Pochat et al., 2005; Pochat and Van Den Driessche, 
2011). 
 
METHODS 
 
Facies Analysis 
 

In total, a 1015 m section of the Salagou Formation (concatenation of nine 70–200 m 
sections; Fig. 2) was measured and described at decimeter scale to assess spatial and temporal 
variations in the stratigraphy. Hand samples for grain-size analysis and thin-section petrography 
were collected every 5–10 m. Suspected paleosols were described following terminology from 
Brewer (1976), Mack et al. (1993), and Retallack (2001). The Salagou Formation has not been 
measured and described at decimeter scale detail previously, though it has appeared in theses 
(Körner, 2006 [in German]). Prior estimates of its thickness (∼2000 m; Pochat et al., 2005; 
Schneider et al., 2006) derived from its map pattern (Fig. 2) may be overestimated. 
 
Relative Grain-Size Analysis 
 

Owing to sample lithification that precluded disaggregation, relative grain-size analysis 
(quartz size fraction; Table 1) was conducted for both the massive red mudstone facies and the 
Montagne Noire basement (source) lithologies using two-dimensional (2-D) backscatter-electron 
(BSE) image analysis techniques modified from M. Soreghan and Francus (2004). We focused 
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on quartz because of its resistance to chemical alteration and its application in interpreting wind-
strength fluctuations within loess-paleosol successions (Porter and An, 1995; Xiao et al., 1995; 
M. Soreghan and Francus, 2004). Twelve digital BSE images per sample were acquired (at 760x; 
images 500 µm across) using a Cameca SX100 electron probe micro-analyzer. For several 
granitic basement samples, images were acquired at lower magnification (at 125x; images 2000 
µm across) to accommodate larger quartz grains, and even then, quartz grains were commonly 
larger than the field of view (see for example Appendix 11). If quartz was not distinct from 
plagioclase or dolomite (based on texture or grayscale), identification of each quartz grain was 
done with energy dispersive spectroscopy (EDS). The silica-rich matrix of the Salagou 
Formation precluded automated differentiation of quartz and matrix by BSE contrast (as in M. 
Soreghan and Francus, 2004), so images were first processed by manually tracing quartz grains 
before being scanned into Image J (National Institute of Health freeware package) to measure the 
cross-sectional areas. Particle size distribution results depend on the method used: Laser 
diffraction (e.g., with laser particle-size analysis [LPSA]) enables measurement of three-
dimensional (3-D) grain size, whereas image analysis techniques on 2-D sample slices are fine-
skewed and cannot resolve the finest (<2 μm) phases (Soreghan and Francus, 2004; Varga et al., 
2018). Additionally, this analysis focused exclusively on the quartz grains, to assess relative 
variations through the section, rather than absolute grain size. Stereological corrections to predict 
3-D volume from a 2-D measurement are difficult in “multidispersal” systems that include a 
range of grain sizes and shapes (Sahagian and Proussevitch, 1998; M. Soreghan and Francus, 
2004). To understand quartz grain-size results cast in a “truer” distribution, we applied a 
stereological correction for 2-D to 3-D conversion (Johnson, 1994), which did not substantially 
affect grain-size statistics (mean and mode increased by an average of 0.5 μm and 0.8 μm, 
respectively; see Table 1).  
 
Geochemistry 
 

Whole-rock geochemistry (Table 2) was acquired from the lower (n = 3), middle (n = 3), 
and upper (n = 4) Salagou Formation. Additional samples included detailed sampling (n = 4, 30 
cm apart) of a profile in the middle Salagou Formation that displayed inferred macroscopic 
pedogenic features and a set (n = 5) of predominant source-rock lithologies (schist, granite, 
and tuff from the Montagne Noire dome). The chemical index of alteration (CIA; Nesbitt and 
Young, 1982; Price and Velbel, 2003; Joo et al., 2018) represents major-element proportions 
(Al2O3/[Al2O3 + CaO + Na2O + K2O]) and is a proxy for the intensity of chemical weathering. 
We consider that grain size can affect CIA values (e.g., Whitmore et al., 2004; Hatano et al., 
2019), but results allow for comparison of inferred pedogenic horizons and parent loess (in the 
basin), and assessment of the degree of chemical weathering in the paleohighlands (at the 
source). Similarly, the index of sodium depletion fraction (τNa) assesses surface soil chemical 
weathering intensity by measuring the depletion of Na relative to immobile Zr with the equation 
τNa = (Na/Zr)soil/(Na/Zr)protolith – 1 (Rasmussen et al., 2011; Yang et al., 2016). The τNa–mean 
annual temperature (MAT) empirical transfer function (MAT = –24.2 × τNa – 0.9) proposed by 
Yang et al. (2016) represents the dependence of surface chemical weathering intensity (τNa) on 
air temperature (MAT) and thus offers a quantitative method with which to estimate 
paleotemperatures (±2.7 °C) from deep-time records. 
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SEDIMENTOLOGIC DATA 
 
Attributes of Salagou Formation Source Lithologies: Montagne Noire Dome 
 

Pfeifer et al. (2016) used detrital zircon geochronology and sandstone petrography to 
assess provenance of the Salagou Formation (Fig. 3). Detrital zircon analysis of three Salagou 
Formation samples (lower, middle, upper) all yielded a principal age peak of 460 Ma. The 
middle and upper Salagou Formation exhibited age distributions that included equally dominant 
age peaks at 287 and 294 Ma, respectively, whereas the basal sample from the Salagou 
Formation had a subordinate age peak at 311 Ma. These samples are quartzofeldspathic (31%–
44% feldspar; 9:1 plagioclase:potassium), with subordinate proportions of metamorphic lithics 
(14%–17%). These data record a predominant source within the Montagne Noire metamorphic 
core complex, a Variscan paleohigh located <30 km W-SW of the Lodève Basin. The Montagne 
Noire dome consists of a deformed and metamorphosed Neoproterozoic to Lower Paleozoic 
series (schist and gneiss) intruded by Ordovician granites, and later by ca. 320–295 Ma 
granitoids. New quartz grain-size and geochemical data (CIA) for several of the predominant 
source lithologies are shown in Tables 1 and 2, respectively. Average (Neoproterozoic) schist (n 
= 2) CIA is 70, with mean quartz grain sizes of 31–56 μm. Average Carboniferous– Permian 
granite (n = 2) CIA is 59, and quartz grain sizes in most cases were too large for imaging on the 
probe, but two of the finer granite samples had mean quartz grain sizes of 175 and 191 μm, 
respectively. A Cambrian tuff from the study area (n = 1) exhibited a mean quartz grain size of 
127 μm. We attempted a volumetric estimation for the CIA mode of the source as a whole using 
the geochemistry and hypothesized ratio (70% schist and 30% granite) of these units in the 
source terrane and derived a CIA of ∼66. However, we lacked geochemical data for other 
lithologies that were also actively eroding sources, as recorded by predominant peaks in detrital 
zircon data (e.g., the Ordovician orthogneiss). Unaltered CIA values of gneiss are typically quite 
low (∼50; Tijani et al., 2006), so we would expect a more comprehensive estimation of 
volumetric CIA for the source terrane as a whole to be <66. 
 
Attributes of the Salagou Formation 
 
Massive Red Mudstone Facies 
 
Description. The massive red to reddish-brown (5YR 5/8–5/6) mudstone facies (Fig. 4) is the 
most prevalent lithofacies, making up 90% of the lower-to-middle and 70% of the upper Salagou 
Formation. It occurs in tabular, laterally continuous beds that range in thickness from a few 
centimeters up to 15–20 m, and it exhibits abrupt, nonerosive contacts with interbedded units. 
This facies is internally structureless and fractures in a blocky manner. It is well cemented and 
lacks grading, laminations, and preferred sedimentary fabric in thin section (Fig. 5). Modal 
analysis of nonmatrix grains (n =7; Fig. 3) showed ∼50% quartz, ∼35% plagioclase feldspar 
(albite), and ∼15% lithics (metamorphic). Quartz grains are subangular, moderately sorted, and 
silt sized (mean overall 23 µm, mean range 19–28 µm; Table 1). Most samples have a high 
proportion (∼50%) of fine-grained matrix consisting predominantly of illite with subordinate 
chlorite (and heavy minerals rutile, apatite, and hematite; Appendix 1 [see footnote 1]). These 
observations reinforce previous work (Michel, 2009), wherein X-ray diffraction (XRD) of the <2 
μm fraction of the Octon Member (lower Salagou Formation) yielded clay compositions of illite 



 8 

and quartz with subordinate components of minerals from the chlorite-kandite group 
(undifferentiated). Other cements included silica, potassium feldspar, calcite, and dolomite. CIA 
values from the massive red mudstone in the upper, middle, and lower Salagou ranged from 60 
to 66 (Table 2; average 63). 
 
Interpretation. The fine (mud) grain size, thick and internally structureless beds, and local 
pedogenic overprinting (see below) of the massive red mudstone facies lead us to interpret these 
as loess deposits (e.g., Pye, 1987; Tsoar and Pye, 1987; Johnson, 1989; Muhs, 2007; Soreghan 
and Soreghan, 2007, 2008a, 2008b; Sweet et al., 2013; Foster et al., 2014). Quartz grain-size 
means (19–28 μm; Table 1) are uniform throughout the section. Note that mean grain sizes from 
the Salagou Formation are limited to the 2-D analysis of quartz grains and therefore cannot be 
compared in an absolute manner to “typical” loess size distributions (e.g., 2–50 μm; Muhs, 
2018), which represent an analysis of the full particle distribution on disaggregated material. 
However, of all quartz grains analyzed (n = 1846), 97% were in the silt (∼4–62 μm) range (78% 
were in the range of medium silt, 6–30 μm). Studies on Quaternary loess recognize considerable 
variability in both composition and grain size among loess bodies wherein predominant SiO2 
ranges from 45% to 75% and grain size (typically 60%–90% within 2–50 μm) fines with distance 
from source (Pye, 1987; Liu, 1988; Muhs and Bettis, 2003; Porter, 2001; Muhs et al., 2004; 
Muhs, 2018). This facies shares attributes with Upper Paleozoic loessite of the western United 
States, which are also mineralogically immature, angular to subangular, and feldspar rich 
(Johnson, 1989; Soreghan and Soreghan, 2007; Soreghan et al., 2008a), although it is possible 
that some albite in the Salagou Formation is authigenic (e.g., Schneider et al., 2006). 

In ancient loessite, proportions of clay-sized material and/or true clay minerals also vary, 
increasing (up to 30%–50%) with distance from source and within pedogenically modified 
horizons (e.g., Soreghan et al., 2002; Tramp et al., 2004; Soreghan and Soreghan, 2007). Similar 
to formerly termed “graywacke” sandstone (e.g., Dickinson, 1970, and others; see also Garzanti, 
2017), “graywacke” mudstone in the Salagou Formation is difficult to evaluate given the 
apparently clay-rich matrix. Modern fine-fraction dust (very fine silt particles that are clay 
agglomerates) can reflect lacustrine deflation (e.g., diatomaceous material such as that of the 
Bodélé depression; e.g., Smalley et al., 2005), and “clay pellets” such as those recognized in the 
matrix of Triassic loessite (e.g., Wilkins et al., 2018). However, no evidence of clay pellets 
occurs in thin sections of mudstone from the Salagou Formation. Given the history of elevated 
temperature and burial in the Lodève Basin, combined with the well-documented volcanic 
centers in the greater region (see below; e.g. Soreghan et al., 2019; Michel et al., 2015a), the 
illite-dominant matrix likely reflects transformation from formerly smectitic clay—a common 
product of altered volcanic glass, feldspar, mafic silicates, and other aluminosilicates (Chamley, 
1989; Tabor and Myers, 2015). Smectite forms in areas with moderate to low rainfall, and poor 
drainage, or in dry low latitudes (Chamley, 1989). Perhaps seasonal, shallow lacustrine 
conditions in the Lodève Basin sustained an environment sufficiently wet to convert fine ash to 
smectite. Subordinate chlorite was either sourced locally from chlorite-rich schists in the 
Montagne Noire dome, or it was also an alteration product of a distal (muscovite-rich) source. 

The illite-rich pseudomatrix in the Salagou Formation likely represents long-range 
suspension of fine volcanic material that had a separate provenance from local coeval source 
terranes in the Montagne Noire dome (“coarser” Q-F-Lm fraction; Fig. 3). Recent work (Wilson 
et al., 2019) inferred distal volcanic sources as a substantial component in Lower Triassic 
loessite from the North Sea that exhibited similarly illite-enriched compositions. Additional work 
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(clay mineralogy, geochemistry, and geochronology) is required to pinpoint the correlative 
volcanic source(s), but late Paleozoic ice age explosive (ignimbritic) volcanism peaked ca. 300–
290 Ma (associated with Variscan orogenic collapse) near the paleo-equator (Soreghan et al., 
2019, and references within). Discrete tuffs (284–282 Ma; Michel et al., 2015a) occur throughout 
the lower–middle Salagou Formation, so it is reasonable to infer that long-distance sourcing of 
volcanic aerosol dust defines the fine detrital matrix in the Salagou Formation. 

The consistently low CIA values (average 63) of the massive red mudstone facies are 
similar to those of Upper Paleozoic loessite of western equatorial Pangea (average 59–60; 
Soreghan et al., 2002; Soreghan et al., 2008a), with values between those of unweathered granite 
and average shale (50–70; Nesbitt and Young, 1982). Furthermore, CIA values of the interpreted 
loessite approximate the modal CIA of the basement sources (59–70), reflecting a low degree of 
chemical weathering. CIA values from the Lodève Basin have been reported previously 
(Schneider et al., 2006; Lopez et al., 2008) and were similarly interpreted to reflect weak 
chemical weathering, attributed to maximum aridity in the upper Octon Member (roughly in the 
middle Salagou Formation). 
 
Pedogenic Intervals within the Massive Red Mudstone Facies 
 
Description. Large (∼10+ cm), randomly oriented, semiradial slickensides exist locally 
within the massive red mudstone facies (Fig. 4). The color (5YR 5/8–5/6) of these units and the 
mineralogy of clay matrix do not change from that in the massive mudstone facies, but the 
proportion of clay-rich matrix is on average slightly higher (Fig. 5). Discontinuous nodular 
bedding, and reduction halos around irregular, vertical traces that are abruptly truncated also 
occur within this facies. Micromorphologic attributes of samples from these localities include 
birefringent clay concentrations, wedge-shaped peds, circumgranular cracks, clay coatings on 
grains, calcium carbonate nodules, and porphyroskelic (Retallack, 2001) fabrics (e.g., Fig. 5). 
CIA values from these intervals average 66, and τNa is −0.22 (Fig. 6). 
 
Interpretation. Randomly oriented slickensides and rare root traces in the massive red 
mudstone facies are interpreted to reflect pedogenesis, an interpretation further confirmed by the 
micromorphological and geochemical characteristics. The lack of horizonation in these soil 
profiles reflects a combination of incipient soil development that persisted despite the continuous 
accumulation of eolian dust, and destruction of (any) primary horizonation by shrink-swell 
pedoturbation. The high clay content (illite matrix, likely smectite prior to diagenesis) and 
defining (macro and micro) attributes of interpreted pedogenic horizons are most closely 
analogous to modern Vertisols (Driese and Foreman, 1992; Ahmad, 1983; Gray and Nickelsen, 
1989; Mack et al., 1993). Seasonal wetting and drying cause shearing and slickensides in the B 
horizon and desiccation cracks (described in following section) during dry seasons (Gray and 
Nickelsen, 1989; Mack et al., 1993), as well as microscale features such as wedge-shaped peds 
(Mack et al., 1993), clay coatings on peds or detrital grains (Nettleton and Sleeman, 1985; Driese 
and Foreman, 1992), and concentrated masses (globules) of hematite (Brewer, 1976), most of 
which are observable in thin section in these samples (Fig. 5). Horizons with interpreted 
pedogenically altered zones have elevated CIAs (average 66; Fig. 6) compared with those in the 
interpreted parent loessite (average 63), consistent with enhanced weathering during ephemerally 
wet intervals. Studies of Paleozoic loessite in the western United States revealed similar patterns, 
with elevated CIAs (up to 75) and aluminum in intercalated pedogenic horizons (Soreghan et al., 
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2002; Tramp et al., 2004; Soreghan et al., 2008a). Locally (lower–middle Salagou Formation), 
discontinuous nodular bedding and carbonate micronodules in thin section represent incipient 
soil development (e.g., weakly developed Calcisols) or the reworking of loess during wetter 
periods (Johnson, 1989; Mack et al., 1993; Michel, 2009). Water availability modulates the 
relative effectiveness of many pedogenic processes (Retallack, 2001; Sheldon and Tabor, 2009). 
Vertisol development typically indicates seasonal precipitation (Tabor and Myers, 2015); in the 
modern–Pliocene record, these form in regions (semiarid tropics) that receive ∼400/500–1000 
mm of annual precipitation (e.g., Lepre, 2019). The presence of interpreted Vertisols in the 
Salagou Formation coupled with abundant evidence for intermittent shallow water (e.g., 
interbedded units described below) suggest seasonal precipitation (∼400 mm+) consistent with 
in situ Na depletion. Thus, the τNa of −0.22 corresponds with a MAT of 4.4 °C during 
pedogenesis (Fig. 6; Yang et al., 2016). 
 
Interbedded Facies   
 
Description. Thin (1–10 cm), resistant, planar and continuous beds of mudstone cap meter(s)-
thick packages of the massive mudstone facies and comprise up to 10% of the lower–middle and 
30% of the upper Salagou Formation (Fig. 2). Bedding thicknesses of the intervening massive 
red mudstone facies decrease substantially in the upper part of the Salagou Formation, controlled 
by the increased occurrence of interbedded units. Calcareous mudstone interbeds (Figs. 4E–4F) 
commonly exhibit downwardly tapering polygonal desiccation cracks (commonly ∼10–20 cm in 
diameter and penetrating downward typically 1–3 cm but up to 8 cm) with up-curled edges, as 
well as rare asymmetrical/symmetrical ripples (average wavelength of 3–4 cm, <1 cm amplitude; 
Pochat et al., 2005) and fissile mud drapes. Platy laminated mudstone interbeds (Figs. 4H–4I) 
occur regularly only in the upper Salagou Formation. They are typically 3–5 cm (up to 10 cm) 
thick, they are invariably reduced (buff to blue), and they exhibit platy fracturing along very thin 
(millimeter-scale) pervasive laminations. Hummocky cross-stratification (HCS) and 
asymmetrical/symmetrical wave ripples are common, and basal/upper contacts are abrupt. 
 
Interpretation. Desiccation features also indicate that drying of saturated sediment or shallow 
water (clay shrinking) was common. Variable depths of crack penetration (1–8 cm) might relate 
to the intensity of seasonal precipitation (Tabor and Myers, 2015). Ripples and HCS record wind 
perturbation of a seasonally wet shallow lacustrine environment, but in the predominant red 
mudstone facies, there is no evidence of graded or laminated beds consistent with deep 
subaqueous deposition. The uniformly silt-sized grains and overall similar characteristics of 
these interbedded facies to the massive red mudstone facies suggest sediment was similarly 
delivered by eolian processes, wherein ephemeral standing water effectively trapped settling 
dust. The sedimentary structures (laminations, ripples, desiccation features) and well-defined 
bedding that differentiate interbedded units from the predominant massive mudstone facies 
record subaqueous reworking and sorting of the sediment. 
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DISCUSSION 
 
Recognition of Permian Loess in Eastern Equatorial Pangea 
 

We postulate that the Salagou Formation facies exhibit characteristics most consistent 
with eolian transport and ultimate deposition as loess, with subordinate reworking of eolian-
transported dust (clay and silt) into shallow lacustrine environments. Previous depositional 
interpretations of the Salagou Formation have focused primarily on the “interbedded” facies that 
contain positive evidence for the influence of water. However, the volumetric predominance of 
the massive mudstone (70%–90% of the unit) has proven relatively enigmatic owing to the 
absence of evidence for fluvial attributes such as channels, erosional scours, cross-stratification, 
or climbing ripple cross-stratified units. The uniform mud size also calls into question a fluvial 
interpretation. Although a general up-section increase occurs in interbedded units and 
sedimentary structures reflective of subaqueous deposition, the frequency and extent of 
interbedded units are vastly subordinate to the proportion of massive mudstone. Asymmetric 
ripples inferred to record Permian winds invariably are also associated with symmetrical ripples 
in the same bed (Pochat et al., 2005), and HCS and gutter casts represent combined flow during 
shallow-lacustrine storm events. Provenance based on detrital zircon geochronology and 
petrography indicates sediment sourcing from the Montagne Noire (located W-SW of the basin; 
Pfeifer et al., 2016), but the transport mechanism for the vast volume of fine-grained sediment 
has not been previously identified. 
 
Silt Generation 
 

If the Salagou Formation is predominantly loess—whether deposited directly from the air 
as loess, or eolian-transported dust with final deposition in shallow, ephemeral lakes—then its 
great thickness (∼1.5 km based on our measurements; Fig. 2) represents generation of an 
enormous amount of silt-sized quartz (in addition to fine-grained feldspar, metamorphic lithics, 
very fine-grained clay-rich matrix, and accessory phases). Several processes, including salt, 
chemical, or tectonic weathering, saltation-induced abrasion, weathering of silt-rich protoliths, 
fluvial comminution, deflation of silt-rich (e.g., deltaic, floodplain) sources, and glacial grinding, 
are considered potentially capable of producing silt-sized grains, but their relative efficacy 
remains debated. Building on previous discussions by Soreghan et al. (2008a), Muhs (2013), and 
others, we reviewed the suitability of these processes and examined them in context of the 
Salagou Formation. 

Nahon and Trompette (1982) considered tropical (chemical) weathering in modern 
systems as a primary mechanism to generate silt, but many subsequent studies suggested limited 
production of silt by these means (Pye and Mazzullo, 1994; Assallay et al., 1998; Wright, 2002, 
2007). CIA values of the Salagou Formation loess (average 63), paleosols (average 66), and 
basement (maximum ∼66; see discussion above) are consistently low and overlap within error. 
Together with the preservation of labile phases (τNa of −0.22 and abundant plagioclase feldspar 
throughout the Salagou Formation), the geochemical data (Fig. 6) are inconsistent with a tropical 
weathering origin (Nesbitt and Young, 1996) and indicate sediment was sourced from a region 
dominated by physical weathering and/ or high altitude (e.g., Johnson, 1989; Soreghan et al., 
2008a, 2014b). 
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Weathering of silt-rich protoliths such as siltstone, slate, phyllite, and volcanic rocks can 
release large quantities of “ready-made” silt (Kuenen, 1969; Blatt, 1987, 1989; Muhs and Bettis, 
2003; Soreghan et al., 2016). In both mechanical and chemical weathering, granitic and gneissic 
sources tend to generate sand-sized quartz twice the size of quartz from schist (Blatt, 1967; 
Borrelli et al., 2014), although others suggest granite can release significant silt (e.g. Wright, 
2007; discussion to follow). Detrital zircon data (Fig. 3) reveal a Carboniferous–Permian age 
population (310–285 Ma) that persists throughout deposition of the Salagou Formation and 
records derivation from coarse-grained (175– 191 μm; Table 1) granitic protoliths of this age 
from the Montagne Noire dome. The absence of volcanic lithics in framework modes of the 
Salagou Formation (Fig. 3), together with the sizes of both quartz (19–28 μm; Table 1) and 
zircon (>>30 μm) grains, indicates the exclusively local provenance of Carboniferous–Permian 
detrital zircon as opposed to contributions from distal penecontemporaneous volcanic ash 
(inferred constituent of the illite-abundant matrix). Detrital zircon ages were obtained with a 30 
μm laser spot size, so dated grains were >30 μm, and many were broken or rounded rather than 
the prismatic and euhedral shapes typical of volcanic grains. Other volcanic units in the 
immediate source area include Cambrian tuffs, which are minimally exposed and exhibit a coarse 
quartz grain size (127 μm; Table 1). Finally, the finest average quartz grain sizes from the 
Montagne Noire Neoproterozoic schists (31–56 μm) exceed those (19–28 μm) measured in all 
samples of the loessite (Table 1). 

Experimental studies (Goudie et al., 1979; Wright and Smith, 1993; Wright, 2007) have 
demonstrated that some silt but mostly sand (>70%) can be produced from parent rock in cases 
wherein (1) salt is available, and (2) the parent rock is susceptible to disaggregation (e.g., porous 
sandstone; Smith et al., 2002). The Salagou Formation contains little to no sand-sized grains, and 
the source (Montagne Noire) is composed of granite, schist, and gneiss. Dust deflated from 
sabkha-playa systems would have an evaporitic (e.g., gypsiferous) or diatomaceous component 
(e.g., the Bodélé depression; Koren et al., 2006; Bristow and Moller, 2018). Previous workers 
have recognized pedogenic gypsum in the uppermost Salagou Formation (Merifons Member; 
Michel et al., 2015a), but it is neither abundant nor widespread. Hence, salt weathering is not a 
tenable solution for production of fines in this system. 

The importance of silt generation in the form of “desert” loess—quartz fragmentation 
resulting from saltation-induced intergranular collisions—remains disputed (e.g., Smalley, 1990; 
Wright, 2001; Smith et al., 2002; Smalley et al., 2019). For example, some suggest that the large 
accumulations in the Chinese Loess Plateau originated in proximal deserts (Liu et al., 1994; 
Porter, 2001), whereas others suggest a glacial origin in the mountains of high Asia, followed by 
desert “storage” and ultimate deflation (e.g., Assallay et al., 1998; Smalley et al., 2005; Stevens 
et al., 2013; Li et al., 2018; Smalley et al., 2019). Formation of the silt in Permian–
Pennsylvanian loessite in western Pangea was similarly linked initially to saltation abrasion in 
coeval sand dunes, owing primarily to the low-latitude setting (e.g., Johansen, 1988), but later 
work has called this into question. The quartzofeldspathic composition of these deposits is 
incompatible with coeval quartz-rich eolian sands, and silt from reworked dunes is commonly 
coarser (e.g., Johnson, 1989) or finer (Stuut et al., 2009) than typical “loess-size” grains 
(Whalley et al., 1987; Assallay et al., 1998; Bullard et al., 2004). Finally, the volumetrics of the 
loessite significantly exceed those of (potential) coeval eolian sandstone (Soreghan et al., 2008a, 
and references within). There is very little loess-sized silt documented in association with erg 
systems (e.g., Smalley and Vita-Finzi, 1968; Smalley and Krinsley, 1978; Tsoar and Pye, 1987; 
Smalley, 1990; Assallay et al., 1998; Muhs and Bettis, 2003; Smalley et al., 2005; Muhs, 2013; 
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Smalley et al., 2019), consistent with experimental studies that call into question the efficacy of 
making significant volumes of loess-sized quartz silt from saltation abrasion of eolian sand 
(Kuenen, 1959; Bullard et al., 2004; Swet et al., 2019; Adams and Soreghan, 2020). In the case 
of the Salagou Formation, grain-size modes, feldspar-rich compositions, and sheer volume are 
similarly incompatible with a desert loess origin, especially considering the lack of coeval eolian 
sandstone in the greater region. 

Mechanical comminution in high-energy fluvial systems has also been suggested as a 
means to produce silt, but experimental results show limited (and fine, 2–20 μm) silt production 
(e.g., Kuenen, 1959; Moss et al., 1981; Wright and Smith, 1993; Smith and Swart, 2002). Silt-
rich rivers occur primarily in regions either producing (high altitude, glacier proximal) or storing 
(e.g., Yellow River, Chinese Loess Plateau) large volumes of loess. Even in fluvial systems 
draining the Chinese Loess Plateau, particle sizes can include >50% sand-sized grains (Jia et al., 
2016). The importance of river systems in the distribution and concentration of loess prior to 
eolian deflation is recognized for most large Quaternary loess deposits (Smalley, 1995; Gallet et 
al., 1998; Wright, 2001), but silt produced by fluvial comminution alone is not consistent with 
the distribution of major loess deposits. Additionally, in the Lodève Basin study region, no 
evidence exists for coeval fluvial or deltaic systems, albeit highland-proximal systems are rarely 
preserved. These arguments suggest a minimal, if any, role for fluvial comminution in generating 
the fines in the Salagou Formation. 

In summary, the effectiveness of salt weathering, tropical weathering, eolian and fluvial 
comminution, and derivation from precursor silt-rich units in producing abundant silt is limited, 
but moreover it is inconsistent with data from the Salagou Formation, especially in light of the 
comparably coarse grain size of known protoliths. Glacial grinding and associated periglacial 
processes (e.g., frost shattering) are effective mechanisms to comminute bedrock into large 
volumes of loess-sized silt (see Bryan, 1945; Kuenen, 1969; Smalley and Vita-Finzi, 1968; 
Boulton, 1978; Pye, 1987; Smalley, 1990, 1995; Wright et al., 1998; Assallay et al., 1998; Muhs 
and Bettis, 2003; Wright, 2001, 2007; Soreghan et al., 2008a, 2016; Muhs, 2013, 2018; Smalley 
et al., 2019). Smalley (1990, 1995) noted that most significant Quaternary loess relates to glacial 
processes (either directly or through an intermediate step) owing to the ease with which glacial 
systems produce the characteristic loess grain size (Boulton, 1978; Assallay et al., 1998). The 
great volume of loess-sized silt in the Salagou Formation, the coarse-grained protoliths, and 
mineralogical and geochemical data that reflect minimal chemical weathering are all most 
consistent with silt generation in a region dominated by physical, cold-weathering processes 
and/or at high altitude. 
 
Late Paleozoic Climatic Significance  
 

A possible glacial or periglacial origin for equatorial loess has significant bearing on the 
late Paleozoic climate system. Both true loessite and reworked loessite (e.g., marine carbonates 
with eolian-transported silt) have been documented across western equatorial Pangea (e.g., 
Soreghan et al., 2008a). Loess in the Salagou Formation—and correlatives in nearby basins (e.g., 
St. Affrique; Hübner et al., 2011)—whether blown in during glaciation or after being reworked, 
is interpreted to have been originally generated by glacial and periglacial mechanisms in the 
Variscan paleohighlands of eastern equatorial Pangea. Evidence for upland glaciation has been 
previously hypothesized for Upper Carboniferous deposits of the Lodève-Graissessac Basin (e.g. 
Julien, 1895; Grangeon, 1960; Dewolf, 1988; Sabrier et al., 1993; Becq-Giraudon and Van Den 
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Driessche, 1994; Becq-Giraudon et al., 1996) but poorly accepted due to both the low 
paleolatitude (0–15°N) of the Variscan Mountains, and the difficulty of inferring glaciation from 
highlands that are now eroded; no evidence of ice-contact facies has yet been documented, so 
only periglacial facies are potentially preserved. 

Recent recognition of younger (Lower– Upper Triassic, greenhouse) occurrences of 
loessite in both Europe and North America (e.g., Chan, 1999; Wilkins et al., 2018; Lawton et al., 
2018; Wilson et al., 2019) raises the possibility of recycling of premade silt or erosion of 
volcanic origins. Gondwanan (continental) ice sheets persisted following “peak” ice (ca. 299 Ma) 
through the Sakmarian (ca. 290 Ma), decreased substantially through the Artinskian (ca. 283 
Ma), and then persisted only in Australia through the Wuchiapingian (Soreghan et al., 2019). If 
equatorial upland (alpine) glaciation existed, we posit it might have persisted through the 
Sakmarian–Artinskian. Detrital zircon data from the Salagou Formation (Pfeifer et al., 2016) 
record the youngest (maximum depositional) age populations from the lower (287 ± 4 Ma), mid-
upper (285 ± 3 Ma), and upper (291 ± 8 Ma) parts of the formation, and U-Pb isotope dilution– 
thermal ionization mass spectrometry dates on inferred tuffs in the lower-mid-Salagou Octon 
Member (Michel et al., 2015a) range from 284 to 283 Ma (±0.1 Ma). Therefore, despite weak 
age control of the uppermost Salagou Formation (262 Ma absolute youngest; Evans, 2012), these 
ages indicate that most of the Salagou Formation silt was generated during icehouse conditions. 
We cannot reject the possibility of a subordinate recycled or distal component, but these data 
substantiate the interpretation that loess generation and accumulation were essentially coeval 
with glacial conditions (within 10–15 m.y. of peak ice) and occurred relatively quickly, 
consistent with the extremely rapid 1–17 mm/yr exhumation of the source terrane (Pfeifer et al., 
2016). 

Glaciation has also been hypothesized for uplands of western equatorial Pangea (e.g., 
Uncompahgre uplift, Ancestral Rocky Mountains, 0–11°) in regions where inferred proglacial 
depositional systems can be traced toward epeiric shorelines, providing crude constraints on 
minimum elevations for ice-contact deposition persisting to within 1200–1600 m elevation 
(Soreghan et al., 2014a), an interpretation that calls for globally cooler paleotemperatures than 
those previously modeled for low latitudes in the late Paleozoic (Soreghan et al., 2014b). The τNa 
values (−0.19) from loessite in western equatorial Pangea (Maroon Formation, Colorado; Yang 
et al., 2016) together with τNa values (−0.22) from loessite in eastern equatorial Pangea (this 
study) correspond to MATs between 3.7 and 4.4 ± 2.7 °C at equatorial latitudes during 
deposition of Upper Pennsylvanian–Permian loess (Fig. 6). This estimated MAT is consistent 
with glaciation at moderate elevation (Variscan Mountains) in low-latitude Pangea. 

Together with studies that document Pennsylvanian–Permian loessite in western 
equatorial Pangea (Murphy, 1987; Johnson, 1989; Kessler et al., 2001; Soreghan et al., 2002, 
2008a, 2014b; Soreghan and Soreghan, 2007; Mack and Dinterman, 2002; Tramp et al., 2004; 
Sweet et al., 2013; Giles et al., 2013; Foster et al., 2014), this work documents widespread low-
latitude accumulations of eolian dust in the Permian. We posit that the confluence of conditions 
necessary to generate and distribute such a remarkable volume of silt required widespread 
glaciation of upland regions near the equator (Central Pangean Mountains) and semiarid 
conditions in this low-latitude region of accumulation, which—from a Quaternary perspective—
is unusual. Major loess deposits of the Pliocene–Pleistocene that relate to glacial or periglacial 
processes occur in temperate, middle- to high-latitude regions (e.g., Muhs and Bettis, 2003; Li et 
al., 2019) and have been recognized as a “sedimentary extreme” (Chan and Archer, 2003) of 
unusually high silt production (Muhs and Bettis, 2003). Likewise, the volume and unique 
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distribution (at equatorial latitudes) of the Pennsylvanian–Permian loess record represent a 
depositional and climatic extreme. We postulate that widespread loess/dust preservation during 
this interval—a signal that now spans across low-latitude Pangea—calls for a globally cooler 
Earth during the time(s) archived by the widespread, first-cycle loess. Evans (2003) classified ice 
distribution through Earth history into two categories—exclusively high latitudes during the 
Phanerozoic and exclusively low latitudes during the Precambrian. However, the icehouse mode 
for the late Paleozoic is perhaps better characterized by climate simulations (Feulner, 2017) that 
model a range of global MAT from 1.4 °C to 12 °C during the late Carboniferous (relative to 10–
15 °C MAT during Pliocene–Pleistocene glaciations) and align with evidence for upland 
glaciation in equatorial Pangea (simulated MAT ∼0–10 °C throughout western and central 
equatorial Pangea under CO2 of 150 ppm and a cold summer orbital configuration in 
Gondwanaland; Feulner, 2017). 
 
CONCLUSION 
 

The Salagou Formation is interpreted to record eolian transport and subsequent 
deposition as both true loess and as dust that was ultimately trapped in seasonally shallow lakes. 
The loess interpretation is based primarily on sedimentological characteristics (massive and 
homogeneous in macroscale observations to entirely fine-grained material with common 
pedogenic features in microscale observations) and a lack of evidence for fluvial deposition or 
suitable alternative interpretations for delivering such a large volume (∼1.5 km) of silt to the 
basin. The methods applied here (facies and petrographic analysis, geochemical assessment of 
parent loess and subordinate pedogenically altered horizons, and grain-size analysis of both the 
source lithologies and derived sediment) are applicable for recognizing well-lithified and 
diagenetically altered ancient loessite. This is the first documentation of Upper Paleozoic loessite 
in eastern equatorial Pangea and thus represents an important contribution in an increasingly 
recognized record of pre-Quaternary loess for the late Paleozoic ice age. The Salagou Formation, 
together with analogous Upper Paleozoic loess deposits that have been documented in western 
equatorial Pangea, records widespread accumulations of eolian-transported material into low-
latitude basins. Provenance data, relatively feldspar-rich compositions, and geochemical proxies 
(CIA and τNa-MAT values) suggest that the most parsimonious interpretation is that bulk silt 
generation reflects cold-weathering (glacial and periglacial) processes in the Variscan Mountains 
(0–15°N). The global recognition of substantial loess deposits at low latitudes has significant 
implications for our understanding of the late Paleozoic equatorial climate system, which was 
semiarid and potentially cold enough at times to host ice (at elevation) at the equator. 
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FIGURES AND TABLES 
 
 
 
 
 
 
 
 
 
Table 1. Results of quartz grain size analysis (µm), Salagou Formation, Lodève Basin, France 

 
     Note: Values in table are statistical distributions of quartz grain-size analysis results by 
backscattered electron image analysis for the Salagou Formation (upper), and for the Montagne 
Noire dome (lower; Variscan basement, interpreted source terrane). Dark gray—results with 
application of the stereological correction from Johnson (1994). Locations within the Salagou 
Formation are depicted on Figure 2 (lower-middle is Octon Member; upper is Merifons 
Member). 
     *Johnson (1994) 
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Table 2. Whole rock geochemistry, Salagou Formation, Lodève Basin, France 

 
     Note: Summary of whole-rock geochemistry (wt. %) and calculated chemical index of 
alteration (CIA) values for the Salagou Formation and also for rock types of the Montagne Noire 
dome (Variscan basement, interpreted source terrane). Samples from inferred “loess” and 
“paleosol” units are labeled accordingly. The oxides are in percent, and the trace elements are in 
ppm. UCC—upper continental crust; NAQL—North American Quaternary loess; mmNASC—
metamorphosed North American shale composite (for comparison). 
     *Lower, Middle, Upper refer to position in the Salagou Fm. (see map on Fig. 2; lower-middle 
is Octon Mbr. and upper is Merifons Mbr.)  
     †Taylor and McLennan (1985).  
     §Taylor et al. (1983).  
     #Gromet et al. (1984).  
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Figure 1. Structural map of the Massif Central showing the location of Carboniferous– Permian 
continental rift basins (dark gray) that formed as a result of extension associated with gravity 
collapse of the Variscan Mountains ca. 300 Ma. Inset: Late Paleozoic reconstruction of western 
Europe during the Variscan orogeny (ca. 320–300 Ma) showing the crystalline massifs (gray) 
and peri-Gondwanan arc terranes wedged between Laurasia and Gondwana. Cross section: 
Carboniferous–Permian strata in the Graissessac-Lodève Basin cover ∼150 km2 and are 
bordered to the south by the Montagne Noire metamorphic core complex—a Variscan paleohigh 
that sourced the sediment in the basin (Pfeifer et al., 2016). Montagne Noire dome is color-coded 
by generalized ages of the predominant geologic units within the structure. The lower (Upper 
Carboniferous–Lower Permian) “gray facies” include a coarse, basal conglomerate, and fluvial- 
alluvial, deltaic, and lacustrine sands and muds. Transition up section to the Permian “red facies” 
begins with fluvial-lacustrine sandstone, mudstone, and conglomerate, and transitions up section 
to exclusively fine-grained (mudstone-siltstone) strata in the Salagou Formation. F&T—fold-
and-thrust. Figure is modified after Pfeifer et al. (2016). 
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Figure 2 (previous page). Stratigraphic logs of the Salagou Formation (Lodève Basin), ∼1000 m 
total. Base of section is on the bottom left, and top of section is at the top right. The wide column 
depicts the lithologies, and the second track (thinner column) denotes sedimentary structures 
(both at decimeter-scale resolution). Locations of data are shown with symbols in the key; mean 
quartz grain size (n > 100) for each sample is reported in microns with a number overlying the 
orange symbols. Red box indicates the position of the detailed pedogenic profile featured in 
Figures 4–6 and Table 2 (“paleosol” geochemistry). Inset map: Outcrop pattern of the Salagou 
Formation. Modern Lac Salagou and other Quaternary basalt/Mesozoic cover are shown in 
white. Approximate locations of villages for reference are shown with white points: Rabieux 
(RA), Mas Audran (MA), Rabejac (RJ), Octon (OC), Liausson (LS), Merifons (ME), and la 
Lieude (LL). This shows map-scale concatenation of segments of section (dashed black lines). 
Moving from the east to the west is generally moving from the base to the top of the section. See 
bottom bar for how our “lower,” “middle,” and “upper” formation designations relate to the 
Octon and Merifons Members (e.g., Schneider et al., 2006) and generally where this transition 
occurs (just east of Octon [OC]). Sequential sections were correlated laterally using map-scale 
projections of strike (dark gray). This approach might result in some unrepresented gaps between 
sections (poor exposure; most severe in the middle Salagou Formation). Estimated missing 
section totals <∼500 m. Southward dip of bedding is consistent but ranges from ∼5°S to 20°S 
(steeper toward S-bounding detachment fault).   
 
 
 
 

 
Figure 3. Summary of provenance data for the Salagou Formation (from Pfeifer et al., 2016). 
Left: Normalized probability plots of detrital zircon ages (and corresponding pie charts) from the 
lower, middle, and upper Salagou Formation, highlighting the youngest, late Paleozoic age peak. 
Right: Quartz-feldspar-lithics (QFL) ternary diagrams of framework modes from the lower and 
upper Salagou Formation (corresponding pie charts emphasize the high proportion of plagioclase 
[plag] relative to potassium feldspar [kspar], 9:1). 



 22 

 
Figure 4. (A–I) Outcrop photos of representative facies. The massive red mudstone facies is 
characterized by massive, thick (15–20 m) bedding (A–B), and areas with interpreted incipient 
pedogenesis include radial slickensides (C) and blocky fracturing (D). The interbedded facies 
(G) include: thin beds of calcareous mudstone (E) with common desiccation cracks (F; note 
curled-up edges), and platy-fractured mudstone with millimeter-scale laminae, commonly with 
two-dimensional wave ripples (H–I).  
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Figure 5. (A–F) Thin section photomicrographs of representative facies. The massive red 
mudstone is internally structureless (no preferred fabric) and composed of subangular, 
moderately sorted, silt-sized quartz in an illite-rich matrix (A–B). Micromorphologic attributes in 
pedogenic horizons include, for example, regions of birefringent clay (C–D), blocky peds (E), 
and porphyroskelic fabric (F). Other features not shown here: circumgranular cracks, clay 
coatings on grains, and calcium carbonate nodules. Top of thin section is oriented to top of page 
in all photos except for D, wherein stage is rotated ∼45° (top of slide oriented to the left page). 
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Figure 6 (previous page). Summary of geochemical results from interpreted paleosol (lower-
middle Salagou Formation), with position shown by the red box in Figure 2. (A) Correlation of 
weathering indices after Yang et al. (2016)—chemical index of alteration (CIA) and sodium 
depletion fraction (τNa). Results from the Salagou Formation are indicated with the gray square. 
CIA-τNa values from the Permian Maroon Formation, western equatorial Pangea (M. Soreghan et 
al., 2014b) are almost identical. CIA-τNa values from the Chinese Loess Plateau (CLP; Yang et 
al., 2016) and upper continental crust (UCC; Taylor and McLennan, 1985) are shown for 
comparison. Mean annual temperature (MAT) values (calculated with the τNa-MAT transfer 
function proposed by Yang et al., 2016) are displayed adjacent to respective samples. (B) CIA 
ternary diagram (from feldspar line) showing the distribution between massive red mudstone, 
interpreted paleosols, and representative basement lithologies. Basement lithology high in Al is 
the schist. A—aluminum, CN—calcium and sodium, and K—potassium. CIA values are 
displayed on left side of diagram. (C) Detailed plots for selected paleosol profile showing 
graphic log and trends in geochemical parameters normalized to zircon. Geochemical samples 
are denoted with squares, and thin section samples are denoted with diamonds. “Loess” 
(nonshaded area, “L”-labeled samples) is interpreted for areas that show minimal macro- or 
micro-evidence for pedogenesis (e.g., contains desiccation cracks, less clay, no peds), and 
“paleosol” (shaded area, “P”-labeled samples) is inferred based on the slickensided 
macromorphologies (Figs. 4C–4D) wherein micromorphologies (Figs. 5C–5F) contain pedogenic 
fabrics.  
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ROCK MAGNETIC CYCLOSTRATIGRAPHY OF PERMIAN LOESS IN EASTERN 
EQUATORIAL PANGEA (SALAGOU FORMATION, SOUTH-CENTRAL FRANCE) 

 
 
 
ABSTRACT  
 

We present the findings from analysis and modeling of a stratigraphic series of magnetic 
susceptibility (MS) data measured with a portable MS meter from the Permian Salagou 
Formation loessite (south-central France). The results reveal discernible Milankovitch-scale 
paleoclimatic variability throughout the Salagou Formation, recording astronomically forced 
climate change in deep-time loessite of eastern equatorial Pangea. Optimal sedimentation rates 
are estimated to have ranged between 9.4 cm/kyr (lower Salagou Formation) and 13 cm/kyr 
(mid-upper Salagou Formation). A persistent 10-m-thick cyclicity is present that likely 
represents orbital eccentricity-scale (∼100 kyr) variability through the middle to late Cisuralian 
(ca. 285—275 Ma). Subordinate, higher frequency cycles with thicknesses of ∼3.3–3.5 and ∼1.8 
m appear to represent obliquity and precession-scale variability. If the driver of magnetic 
enhancement is pedogenic, then the ∼10 m thick cyclicity that is consistent over ∼1000 m of 
section may represent the thickness of loessite–paleosol couplets in the Salagou Formation. 
Laboratory rock magnetic data show generally low magnetic enhancement compared to 
analogous Eurasian Quaternary loess deposits. This is related to the predominance of hematite 
(substantially weaker signal than magnetite or maghemite) in the Salagou Formation which may 
be explained by different conditions of formation (e.g., syn depositional processes, more arid, 
and/or oxidizing climate conditions) than in present Eurasia and/or post depositional oxidation of 
magnetite and maghemite. 
 
INTRODUCTION 
 

Loess-paleosol sequences of the Chinese Loess Plateau (CLP; thickness of ~200 m) and 
other regions (e.g., Li et al., 2019) are widely regarded as high-resolution and continuous 
continental records of global Pleistocene climate change (e.g., Liu, 1985; Heller and Liu, 1986; 
Kukla, 1987; Kukla et al., 1988; Kukla and An, 1989; Maher and Thompson, 1991, 1992; Evans 
and Heller, 2001; Yang and Ding, 2004; Muhs, 2007; Maher and Possolo, 2013; Maher, 2016). 
These quasi-cyclic loess-paleosol deposits commonly record a combination of glacial-
interglacial oscillations and changes in monsoonal precipitation, and trends in their magnetic 
susceptibility (MS) correlate with marine-based oxygen isotope records of continental ice 
volume (Heller and Liu, 1982; Kukla et al., 1988; Shackleton et al., 1990; Parrish, 1993; Porter, 
2001; Porter et al., 2001; Basarin et al., 2014; Ahmed and Maher, 2017; Zeeden et al., 2018). 

Thick loessite deposits have also been associated with the Late Paleozoic Ice Age (e.g., 
Murphy, 1987; Johnson, 1989; Kessler et al., 2001; Mack and Dinterman, 2002; Soreghan et al., 
2002; Tramp et al., 2004; Soreghan and Soreghan, 2007; Soreghan et al., 2008a,b; Soreghan G. 
S. et al., 2014; Soreghan M. J. et al., 2014; Giles et al., 2013; Sweet et al., 2013; Foster et al., 
2014; Pfeifer et al., 2020). Voluminous paleo-loess accumulated in low latitudes of western and 
eastern Pangea and are exposed today in the western United States (exceeding 700 m thick) and 
western Europe (up to ~1500 m thick in southern France). Loessite– paleosol intercalations in 
the deep-time record of western equatorial Pangea have been posited to represent icehouse 
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glacial- interglacial oscillations on a 100 kyr-scale (Soreghan et al., 1997, 2002; Soreghan M. J. 
et al., 2014; Tramp et al., 2004), as well as higher frequency climatic signals occurring on 
obliquity and possibly precession scales (Soreghan M. J. et al., 2014). Recently, a 
radioisotopically-dated lower Guadalupian cyclic lacustrine record from the Junggar Basin of 
eastern Pangea (30—32°N paleolatitude) was discovered to exhibit astronomical frequencies 
(Huang et al., 2020). Importantly, this new evidence supports the hypothesis explored in this 
work for presumably analogous Milankovitch cycles recorded in the thick (~1000 m) record of 
upper Paleozoic loess in eastern equatorial Pangea. 

The objectives of this work are to (1) document Permian climatic variability and assess 
Milankovitch characteristics using MS data from the Salagou Formation loessite obtained with a 
portable MS meter, (2) leverage laboratory rock magnetic measurements to better understand the 
origin of the magnetic signal, and (3) compare this upper Paleozoic record with analogous 
successions from the Eurasian Quaternary record. 
 
GEOLOGICAL SETTING 
 

The Permian Salagou Formation is an exclusively fine-grained and internally massive 
deposit of red mudstone with local pedogenic overprinting and water-reworked interbeds that 
accumulated in the Lodève continental rift basin at equatorial latitudes (0–3°N; Domeier and 
Torsvik, 2014; Muttoni and Kent, 2019). Its characteristics are most consistent with eolian 
transport and deposition either as loess, or as dust deposited in a seasonal, shallow lacustrine 
environment (Pfeifer et al., 2020). The provenance of the Salagou Formation is the Montage 
Noire Dome, a local uplift of Variscan basement composed of gneiss, schist, and granite (Fig. 1; 
Pfeifer et al., 2016). The recognition of great volumes of loess-sized silt, together with known 
coarse-grained granitic protoliths and deposition during global icehouse conditions, are all most 
consistent with a hypothesis of upland glaciation in this region (Pfeifer et al., 2020). 

The late Artinskian to mid-Kungurian (upper Rotliegend I; Kiersnowski, 2013) age of the 
lower Salagou Formation (Octon Member) is well constrained by U-Pb ID-TIMS dates from ash 
layers (Michel et al., 2015; Fig. 2). Chronostratigraphic constraints for the top of the formation 
(Merifons Member) are lacking, so the extent of Guadalupian deposition (cf. Schneider et al., 
2006; Pochat and Van Den Driessche, 2011) is unclear. The Octon Member (basal to mid-upper 
Salagou) makes up the majority of the Salagou Formation and consists primarily of massive red 
mudstone with loessitic characteristics (Pfeifer et al., 2020). The MS data for this study were 
collected from the Octon Member to lower Merifons Member (Figs. 1, 2; red bar), which 
represents deposition through the mid-late Cisuralian (ca. 285–275 Ma). 

Magnetic susceptibility has been used as a proxy for climatic signals in both Plio-
Pleistocene loess, the Chinese “red clay,” and Permian loessite recording climate-dependent 
pedogenesis and dust influx (e.g., Heller and Liu, 1984; Maher and Taylor, 1988; Soreghan et al., 
1997, 2002; Soreghan M. J. et al., 2014; Tramp et al., 2004). MS measures the concentration and 
grain size of ferrimagnetic minerals which consist primarily of magnetite, secondarily of 
maghemite, and supplemented by hematite (e.g., Maher, 1986; Kukla and An, 1989; Porter et al., 
2001; Muhs, 2007; Ahmed and Maher, 2017). In saturated, gleyed (reduced) and thus Fe-leached 
soils, MS values in parent loess can exceed those in pedogenic intervals (e.g., see Muhs, 2007 
and the references within; Beget et al., 1990; Hayward and Lowell, 1993; Chlachula, 2003). But 
otherwise, in situ precipitation of ultra-fine-grained ferrimagnetic material [e.g., super-
paramagnetic (SP) magnetite or maghemite] during warmer and wetter interglacial conditions 
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has been widely recognized as a driver of elevated MS in pedogenically altered intervals 
compared to unaltered parent loess (deposited during arid and dusty glacial periods, and/or 
phases of monsoonal interference). This is true for both the CLP (cf. Heller and Liu, 1984; 
Maher and Taylor, 1988; Zhou et al., 1990; Maher and Thompson, 1991, 1992; Zheng et al., 
1991; Maher et al., 1994; Porter et al., 2001; Ahmed and Maher, 2017), where bulk MS of 
paleosols is ~4–10x higher than in loess (Heller and Liu, 1984, 1986; Liu et al., 1993) and in 
lower Permian loessite of western equatorial Pangea where bulk MS is commonly ~1.5– 2x (and 
up to 9x) higher in paleosols relative to loess (Soreghan et al., 1997, 2002; Cogoini et al., 2001; 
Tramp et al., 2004; Soreghan G. S. et al., 2014). The origin of the magnetic signal in Permian 
loessite of western equatorial Pangea (e.g., Maroon Formation, CO) is dominantly hematite, but 
is also driven locally by the inferred presence of submicron SP magnetite (Soreghan et al., 1997; 
Cogoini et al., 2001; Jia, 2020). 

Rock magnetism of Quaternary loess (and loess-based paleosols) has been used as a 
proxy (directly proportional) for mean annual precipitation (MAP) of ~300–1500 mm/year (e.g., 
Porter, 2001; Maher and Possolo, 2013; Maher, 2016; Gao et al., 2019). Depending on the parent 
material, amount of biological mixing, carbonate leaching, and clay illuviation, soils less 
penetrable by precipitation in areas with MAP > ~600 mm may result in water-logged 
conditions. Together with the presence of organic matter, this promotes anoxia and post-
depositional dissolution of (fine) magnetic minerals. 
 
 
DATA AND METHODS 
 
Magnetic Susceptibility Sampling 
 
Sampling Magnetic Susceptibility in the Field (KT-10) 
 

A detailed sedimentological investigation of the Salagou Formation (Pfeifer et al., 2020) 
included measurement and description (at a decimeter scale) of ~1000 total meters of 
stratigraphic section exposed at the surface (Fig. 3). One MS reading (each flanked by free air 
measurements) was taken every 0.5 m through the entire formation with the Terraplus KT-10 
Plus v2 handheld MS meter that includes a pin and circular coil for uneven surfaces. In 
mathematical terms, MS (k) is the ratio of the intensity of magnetization (I) to the magnetic field 
(H) responsible for the magnetization. It is calculated with the KT-10 Plus handheld meter based 
on the difference in frequency between the rock and free air with a sensitivity of 1 x 10−6 SI units 
(KT-10 manual, 2017). Results (k) in dimensionless units of 10−3 are reported as a curve 
constructed from the individual MS values at 0.5 m increments through each section. 

The Salagou Formation was measured and described over nine stratigraphic sections (Fig. 
3A). Most sections are continuous (from the top of one to the base of the next) and can be 
concatenated for analysis. However, there is ~500 m of missing section (inaccessible in outcrop) 
between the lowermost section (Section 1; Fig. 3A) and the remainder of the formation (Sections 
2–9; Fig. 3A), necessitating the need to analyze Section 1 separately. Thus, time series analysis 
was done in two large segments (as noted in Fig. 3A, lower horizontal bar): the lower (165 m of 
continuous Section 1; results in Fig. 5) and the mid-upper (775 m of eight concatenated Sections 
2–9; results in Fig. 6). 
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Sampling for Laboratory Magnetic Measurements 
 

Two sets of samples were collected from the middle Salagou Formation (Fig. 3A) for 
laboratory rock magnetic analysis (section “Laboratory Magnetic Measurements”) at two 
different increments. In the first set (Fig. 3B), a 10 g sample was collected at a 5 m resolution for 
~80 m of section. The second set (Fig. 3C) is higher resolution (a 10 g sample collected every 30 
cm) but covers a shorter interval (∼10.2 m total). 
 
Time Series Analysis and Modeling 
 

Time series analysis of the MS stratigraphic series was carried out in MATLAB and 
Astrochron for R (Meyers, 2014) (see Supplementary Appendix S1 for commands). MATLAB 
functions were used to display the stratigraphic series, and for spectral analysis and evolutionary 
spectrograms to assess the distribution of variability as a function of frequency (cycles/meter) 
and along stratigraphic position to assess potential changes in sedimentation rate. A low-pass 
Taner filter was applied to pre-whiten the stratigraphic series, for clarity in evaluating 
stratigraphic cyclicity potentially related to orbital eccentricity. 

The absence of an adequately precise time scale (Fig. 2) motivated the application of 
objective modeling with the average spectral misfit (ASM) method provided in Astrochron 
(Meyers and Sageman, 2007). The ASM method searches for astronomical frequencies in well-
sampled stratigraphic series across a range of plausible sedimentation rates. For each test 
sedimentation rate, the stratigraphic series is converted to a time series and compared against an 
astronomical target (in kyr). Here the astronomical target is a collection of astronomical 
frequencies based on a precession frequency of k = 56.6 arcsec/year estimated for 298 Ma 
(Berger and Loutre, 1994) and assuming Solar System fundamental frequencies si, gi from 
Laskar et al. (2004; Table 1).The sedimentation rate yielding time frequencies in the data that 
most closely match those of the astronomical target (with Monte Carlo testing for assessing 
significance) is taken as the “optimal sedimentation rate.” 
 
Laboratory Magnetic Measurements  
 

More elaborate rock magnetic analysis was carried out for representative sections from 
the middle Salagou Formation (Figs. 3B,C) to determine the origin of the magnetic signal and 
strengthen the validity of MS as a proxy for the ancient paleoclimate record. The analyses were 
done at the rock and paleomagnetic laboratory of the Leibniz Institute for Applied Geophysics 
(LIAG) in Grubenhagen, Germany. The samples were dried, homogenized, weighed, and filled 
into non-magnetic plastic boxes of 6.4 cm3. The MS for all samples was measured using a 
frequency- and field-variable Magnon VSM susceptibility bridge at 505 Hz (low frequency 
susceptibility; χlf) and at 5050 Hz (high frequency susceptibility; χhf), both at a field of 400 
A/m. These measurements were also used to detect the frequency dependence of the MS, which 
can be expressed as simple difference (∆χ or %χfd). The temperature-dependent MS was 
determined using an AGICO MFK1-FA Kappabridge and the CS4 furnace, covering a 
temperature range of 20–700°C (Fig. 4). Additionally, the system was rinsed by Argon provided 
in a constant flux and pressure. Thermally stable furnace holders were measured in an empty 
state and subtracted, based on their MS rusting of the full-range heating. The applied field 
strength was set to 400 A/m. 
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RESULTS 
 
Sedimentology 
 

Pfeifer et al. (2020) conducted detailed sedimentological analysis of the Salagou 
Formation. The dominant facies consist of thick and internally structureless mudstone beds (Fig. 
3A, gray; interpreted as loess deposits) with local pedogenic overprinting. There is a general up-
section increase in interbedded units (calcareous mudstone, commonly with desiccation features 
and laminated mudstone, commonly with ripples) that reflect intermittent subaqueous deposition 
(Fig. 3A, navy). Interpreted pedogenic intervals are nested within the loessite, defined in outcrop 
primarily by large (~10+ cm), randomly oriented, semi-radial slickensides (Figs. 3B,C). 
Micromorphologic attributes of samples from these localities include higher proportions of clay, 
wedge-shaped peds, clay coatings on grains, and porphyroskelic fabrics. Geochemical analyses 
reveal elevated chemical index of alteration (CIA) values from these intervals (compared to 
neighboring loessite). These features, together with a lack of horizonation, are most analogous to 
modern Vertisols which are typically indicative of environments with seasonal precipitation 
(e.g., Mack et al., 1993). 
 
Magnetic Susceptibility Measurements by KT-10 
 

Table 2 summarizes the statistics of MS data obtained by portable MS meter, reporting 
the mean and standard deviation of susceptibility readings overall and by section (#1–9; Fig. 
3A). Overall, the mean measurement of k (MS) for the Salagou formation is 0.253 ± 0.100 (x 
10−3). The section with the lowest readings (uppermost Salagou; Section 9) averages 0.179 ± 
0.034 (×10−3) and the section with the highest readings (middle Salagou; Section 5) averages 
0.366 ± 0.092 (×10−3). 
 
Lower Salagou Formation – A repeating pattern appears in the MS series (Fig. 5A), defined by 
a predominant peak at 0.1 cycles/m (10 m wavelength) in the power spectrum (Fig. 5B) and 
warm colors in the spectrogram (Fig. 5C). Prominent, shorter frequencies of 0.29 cycles/cm 
(3.45 m) and 0.57 cycles/m (1.75 m) are also consistent through the section. ASM analysis 
estimates an optimal sedimentation rate of ~9.4 cm/kyr and indicates that astronomical forcing is 
statistically significant (P = 0.002; Fig. 5D). 
 
Mid-Upper Salagou Formation – Analysis of the mid-upper Salagou Formation (Fig. 6) reveals 
a strong, very low-frequency signal—especially in the middle part of the section—coincident 
with observed ~100–130 m (large-amplitude variations) in the MS series (Fig. 6A). The most 
significant cyclicity is ~0.1 cycles/m (0.13–0.08 cycles/m), i.e., 10 m thick cycles. Subordinate, 
higher frequency peaks at 0.28–0.31 and 0.55 cycles/m appear intermittently throughout the 
series. ASM analysis estimates an optimal sedimentation rate of 13 cm/kyr and indicates that 
astronomical forcing is statistically significant (P = 0.002; Fig. 6D). 
 
Laboratory Magnetic Measurements  
 

Temperature (Fig. 4) and frequency-dependent susceptibility measurements from the 
representative section (Figs. 3B,C) indicate that the origin of the magnetic signal is primarily 
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driven by hematite, as evinced by the decrease of the MS at its Curie temperature at 675°C, with 
a varying but generally minor contribution of magnetite at a Curie temperature of 580°C (Fig. 4). 
 
DISCUSSION 
 
Calibration of Magnetic Susceptibility Measurements by KT-10 

 
The data acquired by portable MS meter (see Section “Cyclicity in the Salagou 

Formation”) demonstrate the tool’s ability to recognize cyclic trends through extended 
stratigraphic successions of loessite. This methodology is relatively rapid, convenient, and 
inexpensive, but it is important to calibrate in situ outcrop MS data with rock magnetic analysis 
from the laboratory. The correlation between MS acquired by the portable MS meter in the field 
and detailed rock magnetic data acquired in the laboratory (χlf and ∆χ) is weak (r2 = 0.1758; Fig. 
3C), but a simple t-test indicates with 95% confidence that the relationships between χlf and field 
MS, and ∆χ and field MS, are both highly significant (P-values < 0.05). The standard deviations 
in most sections (Table 2; Sections 1–3 and 7–9) for MS readings obtained with the portable 
meter (0.179 x 10−3 – 0.234 x 10−3) are between 0.034 x 10−3 – 0.064 x 10−3, which further 
supports reproducibility. Prior to taking measurements through a section, several readings were 
recorded on the same sample to understand variability in the magnetic signal by lithology, and 
the tool always measured within 0.05 x 10−3. For example, in Section 3 (Fig. 3A), six 
measurements were taken on calcareous interbeds for a mean reading of 0.158 ± 0.037 x 10−3 and 
11 measurements were taken on pedogenic slickensides for a mean reading of 0.232 ± 0.055 x 
10−3. In comparison to the average loess reading for this same section (0.220 ± 0.056 x 10−3), this 
demonstrates the reliability of the tool to capture magnetic signal variations in different 
lithologies as well as reproducibility of readings on the same sample. 

However, there are limitations with in situ MS measurements. The poor correlation 
between field and laboratory data may be caused by inhomogeneous volumes measured in the 
field (e.g., uneven surfaces or fractures/cavities in outcrop). Elevated mean MS readings from  
the portable meter (0.303 x 10−3 – 0.366 x 10−3) in the middle Salagou formation (Table 2; 
Sections 4–6) have especially high standard deviations (0.092 x 10−3 – 0.135 x 10−3) compared to 
other sections. It is possible that elevated values in the middle Salagou Formation relate to a 
decline in calcareous cement observable in this interval. 
 
Origin of the Magnetic Signal and Comparison to Quaternary Eurasian Loess 
 

The direct relationship between χlf and ∆χ (Fig. 7; frequency dependence) demonstrates 
that magnetic enhancement (increased χ) is triggered by ultrafine SP particles close to the 
domain transition boundary. The production of SP magnetic grains can occur either in situ via 
pedogenic processes (Singer et al., 1996; Maher, 1998), by incorporation of detrital particles 
(e.g., Reynolds et al., 2001), and/or through conversion of magnetic mineral species during fluid 
or burial diagenesis (Katz et al., 1998; Woods et al., 2002). Given the burial history of the basin 
(Tmax up to 500–600°C; Copard et al., 2000), we cannot dismiss the possibility that some SP 
particles may have formed as a result of diagenesis, but minimal evidence occurs for fluid flow 
or veining in the Salagou Formation exposures. We prefer the interpretation of primarily 
pedogenically formed magnetic particles for the following reasons: (1) Association with 
evidence for pedogenesis, namely Vertic features (section “Sedimentology”), and elevated clay 
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mineral content and CIA (compared to parent loessite). Lindquist et al. (2011) show that the 
seasonal wetting and drying typical of Vertisols facilitate the formation of ferrimagnetic SP 
minerals. (2) There is no evidence for gleying: The Vertic characteristics of Salagou Formation 
paleosols are inconsistent with ever-wet conditions (Tabor and Myers, 2015). Numerous studies 
on recent and modern soils show consistently that non-water-logged (gleyed) soils have higher 
MS and greater abundances of pedogenically produced ultra-fine-grained ferrimagnetic material 
than in surrounding loess (cf. Heller and Liu, 1984; Maher and Taylor, 1988; and other 
references in section “Geological Setting”). Furthermore, (3) the alignment of χlf and ∆χ with 
other Eurasian loess (Fig. 7) suggests pedogenic control on the magnetic signal (see also 
discussion below) as opposed to trends typical of diagenesis. 

Rock magnetic data from the Salagou Formation shows magnetic enhancement, but  
distinctly lower χlf and lower ∆χ compared to reference data (Fig. 7) from the Pliocene red clay 
on the CLP (Song et al., 2007) and a loess-paleosol sequence in Romania (Zeeden et al., 2016). 
A systematically lower χlf and ∆χ relates to the predominance of hematite, which generally 
exhibits a weaker magnetic signal than magnetite and maghemite. The dominance of hematite 
and lower contribution of magnetite and maghemite in the Salagou Formation is similar to that 
found in Permian loessite from western equatorial Pangea (Soreghan et al., 1997; Cogoini et al., 
2001; Jia, 2020), but unusual relative to Quaternary loess deposits. This difference may be 
attributable to syn-depositional processes (e.g., eolian sorting or dilution from rapid deposition of 
quartz and other non-iron-bearing minerals), more arid and/or oxidizing climate conditions 
preferring hematite formation over magnetite genesis or preservation (Maher, 1998), weak or 
stifled pedogenesis (documented sedimentologically; section “Sedimentology”), and/or post-
depositional oxidation (of magnetite and maghemite). Eolian sorting is unlikely, because instead 
of the direct relationship between χlf and ∆χ in the Salagou Formation (Fig. 7), sorting tends to 
generate an inverse pattern (high χlf with low ∆χ; e.g., Matasova and Kazansky, 2004). 
Similarly, hematite precipitates formed during post-depositional processes tend to generate a 
magnetic signal with an inconsistent pattern between χlf and ∆χ. The well-defined alignment of 
χlf and ∆χ between these datasets (Fig. 7) strongly suggests that the magnetic signal in the 
Salagou Formation is driven by pedogenesis. If there is no post-depositional (diagenetic) 
conversion of magnetite/maghemite to hematite, then the low contribution of magnetite in the 
Salagou Formation loess compared to Eurasian Quaternary loess might reflect substantially 
different paleoclimatic settings in the Permian of France. 

If changes in the magnetic signal are pedogenically driven, then samples in this dataset 
represent a range of pedogenic alteration, where samples with more magnetic enhancement are 
more enriched in ultrafine particles of hematite. However, the average bulk χ from interpreted 
paleosol (1.3 ± 0.3 x 10−3) and loess (1.5 ± 0.4 x 10−3) units in the Salagou Formation overlap 
within error. This is atypical of Quaternary Eurasian loess, and even compared to ancient loessite 
from western equatorial Pangea wherein the magnetic signal of paleosols— also driven primarily 
by hematite—is 1.5–2 higher than in the parent loess. But the rock magnetic measurements in the 
Salagou Formation (1–1.5 x 10−3) are overall much lower compared to the Permian loessitic 
paleosols of western equatorial Pangea (~2–6 x 10−3; Soreghan et al., 1997, 2002; Cogoini et al., 
2001; Tramp et al., 2004; Soreghan G. S. et al., 2014), so it seems that the Salagou Formation 
preserves distinctively low concentrations of magnetite or maghemite in comparison even to 
time-equivalent loessite on the other (western) side of Pangea. 
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Cyclicity in the Salagou Formation 
 

In the lower Salagou MS series (Fig. 5), the persistent frequency at 0.1 cycles/m indicates 
a 10 m thick cyclicity. Higher frequencies at 0.29 and 0.57 cycles/m indicate 3.5 and 1.75 m 
thick cycles, respectively. This nested cyclicity, i.e., five to six shorter cycles within each 10 m 
“bundle,” also appears in the MS series (Fig. 5A). If the predominant (10 m thick) cyclicity 
represents the orbital eccentricity, then this section (160 m) represents a duration of ~1.6 Myr, 
and the well-defined 3.5 and 1.75 m cycling represents the obliquity and precession index, 
respectively. There is also a very low frequency corresponding to a 44-m cycle, i.e., a candidate 
for 405 kyr orbital eccentricity. 

In the mid-upper Salagou MS series (Fig. 6), there is long- term amplitude variation that 
is potentially associated with the decreased presence of calcareous cement in the middle part of 
the section (resulting in elevated MS values) and/or missing or repeated strata in the 
concatenation of successive sections (Fig. 3A). Regardless, the predominant cyclicity is ~9.4 m 
thick, which appears to be broadened by variable sedimentation rates along the series, with 
multiple closely spaced spectral peaks from 0.13 to 0.08 cycles/m (7–12 m thick cycles). Higher 
frequencies at 0.28–0.31 and 0.55 cycles/m translate to ~3.3 and 1.8 m thick cycles, respectively. 
If the predominant 9.4 m cycles represent short orbital eccentricity, then this section (775 m) 
represents 7.8 Myr of sedimentation. It is possible that ~3.3 and 1.8 m thick cycles represent 
obliquity and precession (respectively) but are inconsistent through the section and locally poorly 
defined. 

The ASM analysis confirms that astronomical frequencies are present and statistically 
significant (P-values < 0.05 for both MS series), rejecting the null hypothesis of no astronomical 
forcing for specific sedimentation rates of 9.4 cm/kyr (lower Salagou) and 13 cm/kyr (mid-upper 
Salagou). The up-section increase of optimal (ASM-based) sedimentation rates from 9.4 to 13 
cm/kyr suggests that the Salagou Formation represents a duration of 9–10 Myr. This result is 
similar to estimates for the Salagou Formation from previous work (11–17 cm/kyr; Pochat and 
Van Den Driessche, 2011) as well as average sedimentation rates for the middle Permian 
Lucaogou Formation of northwest China (8.9–10.3 cm/kyr; Huang et al., 2020). It is slightly 
faster than lower Permian loess deposition in western equatorial Pangea (>700 m over ~9 Myr so   
≥7.8 cm/kyr; Johnson, 1989; Tramp et al., 2004; Soreghan M. J. et al., 2014), and on the lower 
end of sedimentation rates proposed for the Plio-Pleistocene CLP (Stevens and Lu, 2009). 

If the driver of magnetic enhancement is pedogenesis (see section “Origin of the 
Magnetic Signal and Comparison to Quaternary Eurasian Loess”), then these data demonstrate 
fluctuation between loess accumulation and soil formation with loessite–paleosol couplets 
around 10 m thick in the Salagou Formation, which is similar to the lower Permian loessite of 
western equatorial Pangaea (Soreghan M. J. et al., 2014). Irregular cyclicity (e.g., 100–130 m; 
Fig. 5A) may reflect long-term variability in atmospheric circulation, hydroclimate, and/or 
changes in sedimentation rates. 
 
CONCLUSION 
 
This study documents statistically significant astronomically forced climate change recorded in 
deep-time loessite of low-latitude Pangea. The results are as follows: 

• Spectral analysis of handheld MS stratigraphic data shows a persistent 10 m thick 
cyclicity through the Permian Salagou Formation that denotes orbital eccentricity-scale 
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(~100 kyr) variability. Accordingly, subordinate, higher frequency cycles, at ~3.3–3.5 
and ~1.8 m thick (most prominent in the lower Salagou Formation) likely represent 35 
kyr obliquity and 17–21 kyr precession index-scale variations. 

• Average spectral misfit analysis supports the interpretation of the presence of 
astronomical forcing frequencies, which are statistically significant in the MS series for 
optimal sedimentation rates of 9.4 cm/kyr (lower Salagou Formation) and 13 cm/kyr 
(mid-upper Salagou Formation): similar to the Permian of northwest China (~9–10 
cm/kyr) and the western United States (~8 cm/kyr). 

• Rock magnetic data from the Salagou Formation indicates magnetic enhancement 
wherein we interpret that magnetic particles (hematite) likely formed by pedogenesis, 
possibly with a diagenetic overprint. 

• The uniquely low magnetic signal in the Salagou Formation compared to analogous 
Eurasian Quaternary loess deposits relates to the predominance of hematite, which 
generally has a much weaker magnetic signal than magnetite and maghemite, and may be 
explained by differing conditions of formation (e.g., syn depositional processes, more 
arid and/or oxidizing climate conditions) than in present Eurasia (not unexpected), and/or 
post depositional oxidation of magnetite and maghemite. 

• The portable MS meter allows for rapid and convenient in situ data acquisition. This 
study demonstrates the ability to recognize cyclic trends through extended stratigraphic 
successions of loessite using this method when calibrated with detailed rock magnetic 
analysis from the laboratory. 

The evidence demonstrates that the Salagou Formation records climatic variability over a time 
interval of 9–10 Myr during the early Permian (middle to late Cisuralian). If the driver of 
magnetic enhancement is pedogenic, then the ~10 m thick cyclicity that is consistent over ~1000 
m of section may represent the thickness of loessite–paleosol couplets in the Salagou Formation. 
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FIGURES AND TABLES 
 
 
 
 
 
 
 
 
Table 1. Periodicities (in kyr) of orbital eccentricity (from Laskar et al., 2004). Precession index, 
and obliquity are from Earth’s precession frequency (k) = 56.6 arcsec/year modeled at 298 Ma 
(Berger and Loutre, 1994). 

 
Note: g and s are Solar System fundamental frequencies from Laskar et al. (2004), and subscripts 
refer to the planets in order (2–6): Venus, Earth, Mars, Jupiter, Saturn. 
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Table 2. Basic statistics of MS measurements by KT-10 (field data) depicted in Figure 3A as 
curves constructed from individual MS values. 

 
Note: This table reports the mean and standard deviation of MS measurements overall, and also 
by section (#1–9; corresponding with the stratigraphic columns in Figure 3A). The number of 
readings (measurements) for each section is also reported, as well as the sampling interval. Note: 
the aim was to take a measurement every 0.5 m, but sampling intervals are slightly wider than 
0.5 m because of unexposed parts of the section. 
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Figure 1. Geological setting of the Lodève Basin in south-central France (southern Massif 
Central). The N-S cross section depicts the generalized position of the Lodève basin in relation to 
several source lithologies in the Montagne Noire Dome (interpreted source of sediment in the 
Lodève Basin; Pfeifer et al., 2016). The generalized stratigraphic column (adapted from Pochat 
and Van Den Driessche, 2011) of the upper Carboniferous – Permian strata in the Lodève Basin, 
depicting the stratigraphic interval of focus in this study with a red bar. 
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Figure 2. A summary of the current Permian chronostratigraphic constraints of the Salagou 
Formation (Lodève Basin). The section where MS data were measured in this study is 
highlighted in gray and also indicated with the red bar. Note that the upper age of the Salagou 
Formation is very poorly constrained. Icon shapes indicate different types of age data, numbered 
1–8 according to the sources from which they are derived; Specifically: (1) U/Pb ID-TIMS on 
ash 291.0 ± 0.2 from the upper Viala Formation (Michel et al., 2015), (2) tetrapod tracks, 
Dromopus–Erpetopus biochron boundary, ∼290–284 Ma (Schneider, pers. commun. 2020); (3–
6) U/Pb ID-TIMS on ash (in stratigraphic order: 284.4 ± 0.1, 284.5 ± 0.1, 283.5 ± 0.1, 282.9 ± 
0.1) from the Octon Member of the Salagou Formation (Michel et al., 2015), (7) 
magnetostratigraphic data from the La Lieude Formation that suggests proximity to the end of 
the “Kiaman” or Permo-Carboniferous Reversed Superchron (PCRS), ca. 262 Ma (Evans, 2012), 
and (8) tetrapod track ichnofauna from the La Lieude Formation consistent with a Guadalupian 
age (Schneider et al., 2010, 2019). 
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Figure 3 (previous page). Rock magnetic data from the Salagou Formation. (A) Stratigraphy 
with handheld (outcrop) MS data (in units of 10−3). Section are numbered for reference and 
correspondence to Table 2. The dotted lines indicate depth intervals (see meter marks at left). 
The red bars on Section #3 represent the locations of detailed profiles sampled at two different 
intervals for detailed rock magnetic data (B,C; see insets). Bar at bottom of page indicates which 
stratigraphic section correspond with each interpreted MS series in Figure 5 (#1 only) and Figure 
6 (#2–9). (B,C) Focused view showing the stratigraphy and outcrop MS again, but also 
displaying rock magnetic data obtained for these intervals. Specifically, mass normalized low-
field MS (χlf) at 505 Hz in 10−8 m3/kg and delta χ (χfd). (B) An 80-m section sampled at 5-m 
intervals. Note the pedogenic interval ∼11 m. The correlation between MS measured in the field 
to χlf is negligible (r2 = 0.0059), but the relationship between the two datasets is highly 
significant (P-value < 0.05). (C) A 10-m section sampled at 30-cm intervals. Note the pedogenic 
interval ∼3–5 m. The correlation between MS measured in the field to χlf is weak (r2 = 0.1758), 
but the relationship between the two datasets is highly significant (P-value < 0.05). 
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Figure 4. Temperature-dependent susceptibilities of datasets for selected samples from discussed 
sections in Figures 3B,C. Heating (red) and cooling curves (blue) are plotted against χlf, scaled 
to a maximum of 1 for comparison. Note that an χlf decrease at the Curie temperature of 
magnetite (580°C) tends to be less expressed than the clear χlf decrease at the Curie temperature 
of hematite (675°C). 
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Figure 5 (Previous Page). Results of time series analysis and modeling for MS data collected in 
outcrop from the lower Salagou Formation (see stratigraphic context in Figure 3; lower bar). The 
section is measured in meters (from low to high is moving up-section). (A) Magnetic 
susceptibility data with interpretations shown by orange arcs [10 m cycles—short (∼100 kyr) 
orbital eccentricity] and red brackets [44 m cycles—long (∼405 kyr) orbital eccentricity]. (B) 
The power spectrum shows the proportion of power (or variance) as a function of frequency (in 
cycles/m). (C) The FFT spectrogram, computed with a 20 m running window. Warmer (red) 
colors represent high power and cooler (blue) colors low power. (D) Results of ASM analysis 
with the optimal sedimentation rate identified by the vertical red dashed curve. Top: number of 
astronomical frequencies used in the fit; middle: ASM statistic; bottom: statistical significance of 
Monte Carlo modeling with the critical level shown by the horizontal black dashed line. 
 
 
Figure 6 (Following Page). Results from time series analysis and modeling for MS data 
collected in outcrop from the mid-upper Salagou Formation (see stratigraphic context in Figure 
3; lower bar). The section is measured in meters (from low to high is moving up-section). (A) 
Magnetic susceptibility data with long-term amplitude variation (∼100–130 m cycles). Higher 
frequency signals are not notable at this scale, but the inset zooms into an interval (590–630 m) 
to provide an example of the 10 m cycles (interpreted with orange arcs) that are also present in 
this section. (B) The power spectrum shows the proportion of power (or variance) as a function 
of frequency (in cycles/m). (C) The FFT spectrogram, computed with a 100 m running window 
and subtraction of low pass Taner filter with a cutoff frequency of 0.035 cycles/m (see 
Supplementary Appendix S1 for script). Warmer (red) colors represent high power and cooler 
(blue) colors low power. (D) Results of ASM analysis with the optimal sedimentation rate 
identified by the vertical red dashed curve. Top: number of astronomical frequencies used in the 
fit; middle: ASM statistic; bottom: statistical significance of Monte Carlo modeling with the 
critical level shown by the horizontal black dashed line. 
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Figure 7. Frequency-dependent susceptibility (χlf vs. ∆χ) of the Salagou Formation loess 
samples (red spades from Figure 3B; black circles from Figure 3C) compared to data from the 
Quaternary CLP red clay (blue triangles; Song et al., 2007) and a loess-paleosol section from 
Romania (gray crosses; Zeeden et al., 2016). 
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ICE-CRYSTAL TRACES IMPLY EPHEMERAL FREEZING IN EARLY PERMIAN 
EQUATORIAL PANGEA  

 
 
ABSTRACT  
 

Delicate impressions in lacustrine strata of the lower Permian (lower Cisuralian) Usclas 
Formation record ephemeral freezing in equatorial Pangea. These sediments accumulated in the 
paleoequatorial and intramontane Lodève Basin (southern Massif Central, France) during peak 
icehouse conditions (Late Paleozoic Ice Age). Experimental replication of these features 
corroborates the interpretation that they are ice-crystal molds. Evidence for films of ice in 
marginal-lacustrine sediment at such low latitudes and inferred low-moderate altitudes (< 2 km) 
calls for a reevaluation of climate conditions in eastern equatorial Pangea. Ephemeral freezing 
implies either cold tropical temperatures (~5°C cooler than the Last Glacial Maximum) and/or 
lapse rates that exceeded those of the Last Glacial Maximum. Extreme continentality of the 
Lodève Basin as portrayed by a Pangea B configuration would have amplified seasonality, albeit 
the climatic forcing(s) necessary to promote cold temperatures in equatorial Pangea remain 
enigmatic. 
 
INTRODUCTION   
 

The Graissessac-Lodève Basin is a small continental rift basin in France’s Massif Central 
(Fig. 1). Delicate crystal molds in multiple bedding-plane exposures of the lower Permian Usclas 
Formation have been interpreted to record traces of either gypsum crystals, implying evaporative 
conditions (Odin, 1986), or ice crystals, implying ephemeral freezing conditions (Becq-Giraudon 
et al., 1996) during the late Paleozoic icehouse (LPIA). Here, we document and characterize the 
primary morphologies of these features, and conduct laboratory analyses to empirically 
reproduce sediment impressions left by freezing of water-saturated mud. The 
paleoenvironmental conditions of formation (ephemeral freezing) implied by these results 
demand a reevaluation of climate models in low-latitude early Permian Pangea. 

 
BACKGROUND 
 

Pangean assembly resulted in uplift of the Central Pangean Mountains which spanned the 
equator from North America (Appalachian-Ouachita-Marathon belt) to Western Europe 
(Variscan belt). Syn-orogenic extension in the late stages of the Variscan Orogeny (~300 Ma) 
produced several rift basins (Menard and Molnar, 1988; Burg et al., 1994) that remained within 
the equatorial belt throughout the late Paleozoic (Fig. 1; Domeier and Torsvik, 2014; Kent and 
Muttoni, 2018). Among them, the Lodève Basin (southern Massif Central) preserves an upper 
Carboniferous - Permian record of regional paleoequatorial climate from apex to collapse of the 
LPIA.  

The abundance of ice-contact deposits across southern Gondwana implies that Asselian-
Sakmarian (early Permian; ~298 – 295 Ma) time records the most intense phase of the LPIA (e.g. 
Fielding et al., 2008). Evidence for periglacial and proglacial conditions at paleoequatorial 
latitudes have also been hypothesized in both western (Ancestral Rocky Mountains; Soreghan et 
al., 2008ab; 2014ab) and eastern Pangea (Variscan paleomountains; Julien, 1895; Becq-Giraudon 
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and Van Den Driessche, 1994; Becq-Giraudon et al., 1996; Pfeifer et al., 2020). However, these 
claims remain controversial because they imply colder conditions than models can replicate (e.g. 
Soreghan et al., 2008a; Heavens et al. 2012; 2015).  

The lower Permian (lower Cisuralian) Usclas Formation (Lodève Basin) consists 
primarily of organic-rich mudstone and tan siltstone of lacustrine origin (Pochat and Van Den 
Driessche, 2011). Delicate, stellate features occur on multiple bedding-plane exposures here, and 
in coeval strata of the nearby Gabian-Neffies Basin (Montenat and Dolle, 1986) and in Germany 
(Martinstein-Nahe; Reineck, 1955).  

 
METHODS 
 

Three detailed sections of the Usclas Formation (totaling 5.4 m; Fig. 1) containing an 
abundance of delicate impressions were measured at cm-scale resolution. The impressions were 
classified into three morphologies. Thin sections were made of representative samples and 
compositional analyses (Energy Dispersive Spectroscopy; EDS) were acquired with a Cameca 
SX100 electron probe micro-analyzer. Laboratory experiments of freezing saturated mud (with 
distilled water-to dilute NaCl solutions) were designed to simulate ice-crystal growth and test the 
hypothesis that the features represent traces of ice (see Appendix I for experimental set up and 
variables).  

 
RESULTS 
 
Morphological documentation of delicate traces  
 

The Usclas Formation (Fig. 1) comprises massive to locally laminated, thinly-bedded 
mudstone to tuffaceous mudstone (mode 25-30 µm; Appendix II). The bedding-plane traces 
(occurring as both molds and casts) exhibit three morphologies (Fig. 2), designated as 
Morphology “SR” (stubby rods), “FN” (fanned needles), and “DC” (delicate, complex), albeit 
these represent a continuum. Morphologies FN and DC (most common) co-occur (Fig. 1) and 
exist as molds. Morphology SR occurs near the top of the section and exist as casts. All 
impressions contain secondary minerals (Fig. 2): Potassium feldspar replaces dolomite in SR, and 
potassium feldspar lines molds of FN and DC. 

 
Morphology SR forms composite, rod-like, stubby needles (6-10 mm). Bundles commonly 
intersect at 60°, 90°, or 180° angles.   
 
Morphology FN consists of needles (2-5 mm) occurring most commonly as 60-120° fans. Less 
common are feather-like features (up to 20-25 mm) that fan in preferred directions from a linear 
center with rare curvature.   
 
Morphology DC consists of delicate blades that form well-developed 60-120° semi-radial 
“bowtie” -to full-360° radial fans. Some fans comprise straight needles (3-10 mm), while others 
are feather-like to dendritic, with smaller curved branches emanating from the main needles. 
Bowtie features (60-120°) are longer (up to 25-30 mm).   
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Laboratory simulation of ice growth in sediment  
 

Morphologies of experimental ice (formed at -15°C in saturated mud) match the scale 
and form of bedding-plane impressions from the Usclas Formation (Fig. 2). The variable that 
most influences morphology is sediment water saturation, and to a lesser extent, water chemistry. 
SR generally forms in mud saturated or super-saturated (for shorter, deeper impressions) with 
distilled water. FN forms in mud with very dilute NaCl (0.1-0.5%) -saturated conditions, and DC 
forms in mud saturated with 0.5-1% NaCl solution. Note that natural growth rates are much 
slower (0.01—0.1”/h; Barns and Laudise, 1985), so the rate of freezing (in comparison to natural 
systems) is also a variable, just not within our experimental design.   

 
DISCUSSION  
 
Interpretation of Usclas Formation features as ice-crystal traces 
 

Empirical replication of the observed Usclas Formation morphologies using fully-
saturated mud beneath a film (≤ 1.5 mm thick) of water (with up to 1% NaCl) corroborates the 
interpretation that these features represent ice-crystal molds. Furthermore, the common 
morphological features that define both ice crystal traces from modern mudflats (e.g. Table 1; 
Fig. 3,a-c) and inferred ice crystal traces from the ancient record (e.g. Table 1; Fig. 3,d-l) 
reinforce this interpretation. Generally, these characteristics include straight, tapered, needle-like 
traces in bundled-to-radial habits that exhibit intersecting or overlapping patterns. Experiments 
reproduced several of the particular sizes and forms of each morphology, including the short, 
higher-relief features of SR, 60-120° fans of FN, and delicate, radial blades and dendritic 
branches of DC (Fig. 2). DC morphologies visually replicate irrefutable ice-crystal marks from 
modern playas (e.g., Fig. 3,c). FN morphologies resemble shapes of inferred Pleistocene ice 
crystal traces (e.g., Fig. 3,d-e) and cryostructures (e.g., Fig. 3,f). The rod-like forms of SR 
resemble Fucoides graphica features in early interpretations of peritidal ground ice (Hall, 1843; 
Clarke, 1918).  

Empirical results show that the primary controls on crystal morphology (notably, aspect 
ratio) are fluid saturation of the mud, and water depth. Water chemistry also influences crystal 
shape, with more complex (curved, feathery, dendritic) forms (Fig. 2; DC) resulting from dilute 
NaCl solutions (0.1-1%). Previous observations of ice crystallization in both laboratory (e.g. 
Allan, 1926; Mark, 1932; Reineck, 1955) and natural settings (e.g. Fig. 3,a-c; Table 1; Reineck 
and Singh, 1980) also emphasized the influence of water saturation of the host sediment on 
crystal size and morphology. The very fine grain size of the Usclas Formation enhanced 
preservation of the delicate traces (as in a Lagerstätte).     

Odin (1986) interpreted the bedding-plane traces in the Usclas Formation as the result of 
evaporite (gypsum) crystallization, supported by other evidence for shallow water and dry 
conditions (e.g. desiccation features) elsewhere in this unit. However, the morphologies of 
Usclas Formation traces are inconsistent with the prismatic, pyramidic habits or “brainlike” 
textures that characterize gypsum crystals (cf. Magee, 1991; Benison and Bowen, 2013). 
Additionally, abundant evidence for wet paleoenvironmental conditions in this section of the 
Usclas Formation (Fig. 1; organic-rich black mudstone) refute the prevalence of strongly 
evaporitic conditions necessary for the precipitation of gypsum (or other salts) in this setting. 
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Paleoclimate implications for the early Permian  
 

Empirical replication of ice crystal molds supports the inference that the ice crystals 
formed in—at most—very shallow films (< 2 mm) of water, and displaced sediment downward 
and outward during growth. This is consistent with ephemeral freezing along paleoshorelines of 
the Usclas Formation lake (cf. Fig. 3,c) which is a common occurrence in modern playa lakes in 
climates subject to freezing temperatures (e.g. Racetrack Playa, Death Valley), but unknown in 
low-elevation equatorial regions.  

Ephemeral freezing during cold seasons and at equatorial latitudes during the early 
Permian implies either (1) substantial elevation to achieve freezing temperatures or (2) markedly 
cooler equatorial conditions than exist today, or even during the last glacial maximum (LGM). 
Persistent freezing —and even glacial— conditions exist in the tropics today (down to ~4500 m; 
Porter, 2001) and expanded during the LGM (to ~3500 m, or rarely to as low as 2100-2400 m in 
high-precipitation regions; Kaser and Osmaston 2002; Hastenrath, 2009). Variscan Mountain 
paleoelevations remain debated (see Appendix III), but recent investigations (e.g. Rabin et al. 
2015; Pfeifer et al., 2018) indicate that the highest elevations in the southern Massif Central (ca. 
308 Ma) were ~2500 m. Subsequent (308 – 295 Ma) extensional subsidence-to-gravity collapse 
(Menard and Molnar, 1988) resulted in an estimated mean elevation of the Lodève Basin during 
deposition of the Usclas Formation (ca. 295 Ma) of ~1500 m (Appendix III).  

Given moderate-to-low elevations (≤ 1500 m), seasonal freezing in the Usclas Formation 
calls for cooler tropical conditions than most models consider for low-latitude Pangea. LPIA 
climate simulation of peak icehouse conditions show that pCO2 <150 ppm under a cold summer 
orbit could produce equatorial MAT of 0-10°C, consistent with upland glaciation (Feulner, 
2017), and thus ephemeral freezing at lower elevations. Furthermore, Soreghan et al. (2019) 
suggested that frequent and widespread explosive volcanism in central-western Europe (at low-
latitude) ca. 300 Ma may have intensified or sustained cool temperatures, even as pCO2 began to 
rise. Evidence in support of coeval volcanism is found in the Usclas Formation at this locality: 
Mudstone beds containing the impressions have illite-rich clay mineral compositions (Michel, 
2009), potentially consistent with a component of distal volcanic ash, and they also occur 
directly below crystalline, tuffaceous units (Fig. 1). 

 Average tropical air temperatures (25°C) and lapse rates (-6.7°C/km) from the LGM 
(e.g. Loomis et al., 2017) could not produce even ephemeral freezing at < 2 km elevation (Fig. 
4). However, either (a) temperatures averaging ~5°C cooler than the LGM, with an LGM lapse 
rate (Fig. 4a) or (b) LGM-temperatures with a dry tropical lapse rate (-9.8°C/km; MacLennan et 
al., 2020; Fig. 4b) are both consistent with ephemeral freezing at < 2 km elevation. Under a 
“Pangea B” configuration for 300 Ma (Fig. 1; Kent and Muttoni, 2018) the extreme 
continentality of the Lodève Basin would magnify seasonality, potentially enabling a drier 
(steeper) lapse rate (Fig. 4b). The climatic forcing(s) necessary to impact tropical precipitation 
patterns and promote anomalously cold conditions in equatorial Pangea remain poorly 
understood (Heavens et al., 2015). To date, examples of ice-crystal traces in the low-latitude 
geological record date exclusively from the upper Carboniferous – lower Permian (Table 1), 
calling for exploration of a potentially widespread phenomenon that has long been overlooked 
owing to the seeming improbability of freezing conditions at equatorial latitudes during the 
Phanerozoic.   
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CONCLUSIONS  
 

Laboratory analyses empirically reproduce sediment impressions left by freezing of 
water-saturated mud and corroborate the interpretation that morphologically identical features 
from the lower Permian Usclas Formation (Lodève Basin, France) represent ice-crystal traces. 
Evidence for films of ice on the paleoshoreline of a low-latitude lake record ephemeral freezing 
in equatorial Pangea during peak icehouse conditions (LPIA). Given the relatively low elevation 
(< 2 km) of the Lodève Basin during this time, these conditions require either cold tropical 
temperatures (~5°C cooler than those of the Last Glacial Maximum) and/or lapse rates that 
exceeded those of the Last Glacial Maximum. The forcing(s) necessary to promote cold climate 
conditions in equatorial Pangea remain enigmatic, but the extreme continentality of the Lodève 
Basin as portrayed by Pangea B would have magnified strong seasonality. This work reinforces 
the presently sparse—yet temporally unique—recognition of low-latitude ice traces in the 
Phanerozoic (exclusively upper Paleozoic) record and calls for further investigation of evidence 
for anomalously cold equatorial temperatures, and explanations thereof.   
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FIGURES AND TABLES 
 
 
 
 

 
Table 1. Summary of existing interpretations of ice crystal trace markings (modern - ancient). 
See Fig. 3 for photos and references. Paleolatitudes are approximate, converted from modern 
latitudes using the paleogeography of Torsvik et al. (2012; paleolatitude.org). 
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Figure 1. Upper: Early Permian (~290 Ma) paleogeographic reconstructions of (A) Domeier and 
Torsvik (2014) and (B) Kent and Muttoni (2018), Pangea B. Black circles show the equatorial 
location of the Graissessac-Lodève Basin (south-central France) ~0-2°S (A) to 0-2°N (B). The 
proximity to the PaleoTethys Sea varies substantially. Lower: Stratigraphic section 
(concatenation of three exposures) of the Usclas Formation, Lodève Basin. The detailed log on 
the right shows the first 0.5 meters at cm-scale resolution where most of the features are found. 
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Figure 2. Summary of morphologic characteristics of features from the Usclas Formation (left) 
adjacent to examples from experimental results (right) that replicate features in each 
morphology, respectively. 
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Figure 3 (previous page). Select photos through geologic time from the literature of markings 
interpreted as ice crystals (see also: Table 1). Photo descriptions in order as follows: (A) Modern, 
casts of ice crystals in loess, IL, U.S. (Udden, 1918), (B) Modern, in mud, Svalbaard (Photo by 
G.S. Soreghan), (C) Modern, in high-altitude playa lake, western Argentina (Photo by G.S. 
Soreghan), (D-E) Late Pleistocene, in fine sands, UT, U.S. (from Mark, 1932), (F) Pleistocene, 
reticulate-chaotic cryostructures in ice-rich, lake-bottom muds (from French and Shur, 2010), 
(G) Middle-Permian, in Carlsbad limestone, Guadalupe Mts., U.S. (from Lang, 1937), (H-I) 
Upper Cretaceous, in Eagleford limestone – clays, TX, U.S. (from Udden, 1918), (J) Upper 
Ordovician, in sand-mud, Morocco (from Nutz et al., 2013), (K) Upper Ordovician, in mud, 
Libya (from Girard et al., 2015), (L) Lower Carboniferous, in mud-silt, De L’aïr, Niger (from 
Lang et al., 1991).  
 
 

 
Figure 4. Plots of possible tropical temperature conditions in the Permian at different elevations 
using (a) the same adiabatic lapse rate as the LGM (-6.7°C/km; Loomis et al., 2017) and (b) a 
"dry" tropical lapse rate (-9.8°C/km; MacLennan et al., 2020). The grey zone represents possible 
paleoelevations (within error) of the Lodève Basin ca. 295 Ma during Usclas Formation 
deposition (see discussion in text). Average tropical temperatures near sea level range from LGM 
temperatures (lightest grey) to 15°C cooler than LGM (darkest grey). LGM-15°C is the coolest 
end of the range of estimates proposed by Soreghan et al., 2014a (0-15°C cooler than LGM) to 
have ~1000 m glacial conditions in western equatorial Pangea. The dotted horizontal lines 
represent average equatorial MAT (0-10°C) that could support upland glaciation in low-latitude 
Pangea (Feulner et al., 2017). 
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ACTIVATION OF THE MULTICONTEXT MODEL IN A FIELD-BASED PROGRAM 
FOR TRADITIONALLY UNDERSERVED STUDENTS   

 
 
ABSTRACT  
 

This paper presents results from our multi-year NSF-IRES program: a four-week, field-
based summer program involving the participation and mentorship of U.S. undergraduate 
geoscience cohorts to develop knowledge and skills in sedimentary geology while immersed in 
an international research collaboration. Student participants in our program are predominantly 
first-generation college students, largely from historically underrepresented groups in STEM, 
and most have a “high context” orientation. Academic culture (especially in STEM) tends to 
favor the “low-context” approach of scientific inquiry (task-oriented, linear, individuated), but 
many students bring different cultural values from personal or community-based experiences that 
tend to be higher-context (process-oriented, systems-thinking, integrated). Herein we discuss 
how activating a Multicontext model—one that recognizes and includes a broader spectrum of 
“knowing and doing” (Ibarra, 2001; Weissmann et al., 2019)—resulted in measurable advances, 
especially for higher-context students, from the first to second year of the program in terms of 
self-efficacy in field and analytical competencies, as well as in student engagement. To balance 
cultural frameworks (Chávez and Longerbeam, 2016), specific implementations in the field 
curriculum included (1) a non-linear, learning cycle-structured orientation prior to fieldwork that 
clearly introduces research objectives early, and promotes scientific inquiry and peer-to-peer 
interaction, (2) frequent discussions during fieldwork to place low-context tasks such as making 
field measurements into a broader context, and (3) a pre-defined mini-project option that allows 
students to set an individual intent for growth as a scientist in this experience. Leaders of similar 
programs to NSF IRES that support undergraduate students from underrepresented groups in 
STEM research might enhance program quality, student engagement, and inclusivity by 
recognizing and adapting to a broader spectrum of culturally-based learning perspectives. This 
study represents a small segment within the Multicontext system for redefining and expanding 
diversity and inclusion—a theory that has broad implications for the entirety of academic culture. 
 
Purpose and learning goals  
 

At all degree levels, the geosciences remain the least diverse of all STEM fields, with 
almost no change in number of geoscience PhDs attained by Native American and Black (non-
Hispanic) minorities in over 40 years (Bernard and Cooperdock, 2018; Dutt, 2020). Weissmann 
et al. (2019), Chávez and Longerbeam (2016), and Ibarra (1999, 2001) describe how activation 
of Multicontext Theory can broaden academic (and geoscience) culture to create an inclusive 
environment that values a spectrum of cultural strengths for all students. Participants in our 
month-long, summer field program (NSF-IRES) are students from racial/ethnic minority groups, 
low socioeconomic status, and/or are non-traditional students, and mostly have a “high context” 
orientation (discussed below). We applied a Multicontext model to instructional sequence design 
in the second year of the program as an intervention to evaluate whether action taken to 
recognize a broader spectrum of context orientation could positively impact the participating 
student cohort. Success of this adjustment is defined by measurable advances in student self-
efficacy for all program participants. This paper presents a comparison of student survey 
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responses and auxiliary qualitative data from the first and second field seasons (FS1 and FS2, 
respectively) in order to evaluate how adjustments in instructional sequence design affected 
student engagement and self-efficacy. Our results suggest that adopting this approach could 
make a significant positive difference in analogous programs.  
 
Literature context 
 
The Multicontext Theory 
 

Both the challenges of science education in underrepresented communities, and in turn, 
the low numbers of underrepresented people in STEM fields relate largely to the incompatibility 
between traditional science cultures and cultures of underrepresented groups (Aikenhead, 1996, 
1997; Murray, 1997; Riggs, 1998; Riggs and Semken, 2001; Semken and Morgan, 1997; Wolfe 
and Riggs, 2017). As the numbers of minority populations grow and scholarship programs for 
underrepresented groups in geoscience are more available, this cultural dichotomy becomes 
increasingly apparent. Educational research has shown a continued motivation to find ways to 
“make teaching and learning relevant and responsive to the languages, literacies, and cultural 
practices of students across categories of difference and (in)equality” (Paris, 2012 p. 93, and 
references therein), but academic culture is slow to adapt. Hall (1959, 1966, 1976) defined the 
cultural context of people from different backgrounds along a spectrum according to the way 
they prefer to approach, interpret and perceive information according to family or community 
influences. The defining characteristics of high (HC) vs. low (LC) context are summarized in 
Table 1. Academic culture (especially in STEM) favors the “low-context” approach of scientific 
inquiry as articulated by Weissmann et al. (2019), Ibarra (1999, 2001), and others (Chávez and 
Longerbeam, 2016; Halverson, 1993), but many students (e.g. women and underrepresented 
minority populations) bring different cultural values from personal or community-based 
experiences that tend to be higher-context (Chávez and Longerbeam, 2016; Hall, 1959, 1966, 
1976; Ibarra, 2001). Low-context cultures tend to be task-oriented, apply linear thought 
processes, and compartmentalize information, whereas high-context cultures tend to be process-
oriented, think in terms of systems, and value information in a broader context and with 
integrated topics. Low-context cultures require less social context to interact and interpret the 
world than high-context cultures (Hall, 1976). Though they are termed “low” and “high,” both 
are equally valued and valid (and complimentary) approaches to understanding and interacting 
with the world and should not be used to stereotype (Weissmann et al., 2019). Furthermore, 
Ibarra (2001) recognized that despite an inclination for either end of the context spectrum, 
individuals often have the flexibility to act across the spectrum situationally or through time. 

The Multicontext Theory has broad implications for redefining and expanding diversity 
and inclusion within the entire system of prevailing academic culture in the United States (see 
Weissmann et al., 2019), but this paper specifically emphasizes the impact of balanced cultural 
frameworks for teaching effectively at a “classroom level” in the specific academic community 
of geoscience. Chávez and Longerbeam (2016) described how teaching and learning 
relationships are embedded in culture and noted methods for teaching on a continuum, from 
individuated (LC) to integrated (HC) world views, in order to engage the cultural strengths of all 
learners. To teach with a mixed, Multicontexted framework—one that recognizes, embraces, and 
includes a broader spectrum of “knowing and doing” (Ibarra, 2001; Weissmann et al., 2019)—
enriches learning, fosters a sense of belonging (Moore, 2020), provides more equal opportunities 
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for all students to thrive in academia, and creates a more well-rounded and dynamic workforce in 
STEM.  

 
A note about field education as Multicontexted potential 
 

Many have recognized that field experiences in geoscience are more effective at helping 
students to understand concepts than classroom-based courses (e.g. Boyle et al., 2007; Feig et al., 
2019; Orion and Hofstein, 1994; Riggs et al., 2009; Stokes and Boyle, 2009; Thrift, 1975; 
Waldron et al., 2016; Whitmeyer et al., 2009) but the measurements of educational benefits are 
difficult to quantify. Streule and Craig (2016) and Kortz et al. (2019) attributed the value of field 
education in the context of the social framework it provides: one where students develop 
independent thinking skills, versatility, and self-efficacy. Mogk and Goodwin (2012) posited that 
it is the immersive nature of learning in the field that allows it to be so effective, and similarly, 
Elkins and Elkins (2007) suggested the social novelty of the field setting motivates student 
learning. However, it is important to consider that inaccessibility, unfamiliarity, or unappealing 
perceptions of fieldwork conditions and logistics introduce barriers for many (O'Connell and 
Holmes, 2011; Sherman-Morris and McNeal, 2016). Integration of field-based training, for 
example, in small liberal arts courses (e.g. Knapp et al., 2006) or Earth science education 
programs designed for adult learners in Indigenous communities (e.g. Riggs, 2005; Semken and 
Morgan, 1997), has shown to be broadly impactful when appropriately applied for the student 
population.    

Compton (2016; p. 1) posited that “field studies are founded on three kinds of 
information”: (1) Objective data: simple, straightforward facts from direct observation and 
measurement, (2) Interpretive data: founded on perception and experience, where genetic insight 
clarifies a host of interrelated data, and (3) Age relations: organizing facts and interpretations 
into an order of events. Note the symmetry of factual (detailed, operational, observational, 
literal) and philosophical (interpretive, interrelated, contexted, imaginative) data: A Multicontext 
unity. There is space in the field for students across the spectrum to practice their strengths, and 
it requires flexibility to adapt to their non-preferred context (high context learners must be 
meticulous about detailed descriptions and data acquisition; low context learners must be able to 
interconnect past environments and depositional systems). Field education can be taught with a 
very low-context approach, but education in the field setting has already presented us with an 
ideal potential for balanced cultural frameworks in teaching—We just have to activate it. 
 
Study population and setting 
 

Landscapes of Deep Time in the Red Earth of France (NSF International Research 
Experience for Students) is a four-week, field-based summer program that aims to mentor U.S. 
undergraduate science students from underserved populations in geological research. Planned as 
a three-year project, it involves recruitment of a new undergraduate cohort for each season and 
includes a stipend in addition to full financial support (for travel and living expenses). The 
program is designed to mentor students in developing basic skillsets (e.g. sedimentologic field 
techniques and analyses) while being exposed to an interdisciplinary research collaboration and 
international cultural experience. Initially, recruitment was focused on Native American 
populations in Oklahoma, but we found local recruitment state-wide to be a challenge owing to 
the narrow applicant pool and the cultural burden of international travel requiring an extended 
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period of time away from home (e.g. family and tribal obligations). Native American students 
are the least likely group to attend college or participate in study abroad programs (Field, 2016; 
Wanger et al., 2012) owing to a desire for support systems that recognize and align values with 
those of their families and communities (Guillory, 2009; HeavyRunner and DeCelles, 2002). 
Due to the low response rate from local Native American communities, the recruitment and 
participation of students expanded nationwide through advertising with the Geoscience Alliance, 
GeoForce, and other geoscience society forums (e.g. Geological Society of America, American 
Geophysical Union, NSF Research Experiences for Undergraduate students, Earth Science 
Women’s Network, American Indian Science and Engineering Society). The FS1 and FS2 
student cohorts (Table 2; n=4 per summer, n=8 total) were composed of undergraduates (rising 
juniors and seniors) pursuing a B.S. or B.A. in geoscience (or natural resources) where 7/8 were 
first-generation college students, 7/8 were women, 6/8 were Native American, Hispanic, or 
African American, and about half were also either non-traditional students in the sense of age, 
sexual orientation, or parental status. Students originated from a wide range of rural, suburban, 
and urban communities. According to the cultural context inventory (Halverson, 1993), the 
majority (5/8) were high-context-preferred, and the others were low-context-preferred (as 
assessed at the beginning of the field season). Academic ranks varied, but most (6/8) students 
were rising seniors. Previous backgrounds in relevant coursework, undergraduate research or 
field experience varied considerably by student (ranging from training at large universities with 
formal geoscience majors to smaller colleges or tribal schools with integrated environmental 
programs), and slightly by cohort (with FS2 students being slightly more experienced on average 
upon entry). 
 
Materials and implementation: Activation of the Multicontext Theory   
 

Instructional sequences (Fig. 1) were developed prior to two separate four-week field 
seasons of the IRES program (FS1 and FS2 respectively). The FS1 curriculum was designed 
with little focus paid to learning philosophies and in retrospect, the pedagogical goals and 
itinerary preferentially served low-context ways of learning and doing. The program orientation 
was lecture heavy and sequentially ordered from detailed descriptions of field methods to big-
picture, contextual talks presented mid-way through the program (after substantial fieldwork). 
The majority of the field work curriculum for FS1 involved students conducting detailed, 
unimodal data collection (e.g. measuring stratigraphic section) with linear analysis of the data 
(e.g. building stratigraphic profiles) and little integration of multiple datasets.  

The aim of our program (structured according to NSF IRES objectives) is twofold—
Aside from the education and pedagogy aspect (to attract underrepresented students to STEM), 
there is a significant component of conducting geological research and collecting new and 
publishable data to answer questions about ancient climates. Given that (1) our fieldwork takes 
place internationally with complicated logistics and limited resources, (2) aside from teaching, 
we had to acquire a large amount of data in a brief time, and (3) our student cohorts did not 
belong to any one underrepresented demographic (Table 2), it was not possible to adjust the FS2 
curriculum design to include elements proven effective for specific cultures (e.g. for Indigenous 
populations: place-based curricula in traditional homelands, integration of Indigenous 
knowledge, explicit involvement of Indigenous leaders/educators; Johnson et al., 2014; Murray, 
1997; Riggs, 2005; Riggs and Semken, 2001; Semken and Morgan, 1997; Semken, 2005; 
Semken et al., 2017; Unsworth et al., 2012; Wildcat, 2018). Instead, we focused on a strategy to 
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recognize and include a broad spectrum of culturally-based learning approaches. Guidance for 
building a Multicontextual classroom (Chávez and Longerbeam, 2016; Ibarra, 2001; Weissmann 
et al., 2019; Table 1) heavily influenced the revision of the instructional sequence from FS1 to 
FS2.  

The framework for the FS2 instructional sequence (Fig. 1) started with a one-week mixed 
lecture and application orientation structured according to the BSCS (Biological Science 
Curriculum Study) 5E Instructional Model (Bybee and Landes, 1990; Bybee et al., 2006). Our 
decision to rely on the framework of the 5E learning-cycle approach for FS2 is grounded in 
theoretical foundations which veer from traditional teaching methodologies and emphasize the 
development and application of student-centered lessons (Abraham, 1997; Duran and Duran, 
2004). While traditional pedagogical approaches stress the progression of skills towards a pre-
determined outcome, learning cycles are based on “constructivist-learning”—emphasizing the 
investigation of phenomena and use of evidence to support conclusions (Abraham, 1997; Duran 
and Duran, 2004). There are more opportunities in the 5E learning cycle approach for students to 
self-reflect, redefine and elaborate, and interact with peers to solve problems (Bybee, 1997). It is 
more of a non-linear systems approach that holds a greater emphasis on integrated ideas and 
applications: A traditionally high-context cultural value. The 5E Model consists of five stages 
(Engage, Explore, Explain, Elaborate, and Evaluate) in which students formulate a better 
understanding of scientific processes and skills based on first-hand experiences (Açışlı et al., 
2011; Newby, 2004). The Engage phase is meant for the instructor to assess and connect to prior 
knowledge and introduce a new concept through the use of short activities that stimulate 
curiosity. In Explore, a common experience is provided so that the students can apply prior 
knowledge to generate new ideas and begin investigation. In the Explanation phase, students are 
given the opportunity to demonstrate their conceptual understanding and the instructor corrects 
misconceptions before moving onto Elaboration wherein students have an opportunity to apply 
their understanding of the concept to a different situation or activity. Finally, in Evaluate, 
students are encouraged to assess their understanding and abilities to complete a final exercise or 
activity that allows the instructor to evaluate student progress overall. Figures 1-2 detail specific 
lectures and activities included in each of the 5E steps for FS2 orientation. This model provides 
shared experiences (e.g. workbooks with exercises to compliment lectures, card-sort activities, 
sketching, journaling) that place application before theory (HC-preferred; Table 1). Lectures are 
ordered from overarching research questions to basic concepts and field skills (opposite of FS1, 
as requested in FS1 student feedback; Table 5) and are completed before the start of work in the 
field. This way, students gain awareness of relevant background knowledge and major research 
questions prior to beginning field work, enabling all new data and information—first-hand 
experiences in the field—to be evaluated in a broader context (HC-preferred; Table 1).  

After the 5E-structured orientation, it is important to continue integration of the 
Multicontext model in field pedagogy. Skills and concepts taught in the field are coupled with 
discussion (and frequent review) to specify the contribution of the process or data to the 
overarching research questions. For example, “we are doing this [low-context activity] today, but 
with integration of [other datasets] it relates to the broader context by addressing [this primary 
research question].” This way, data collection—which tends to be repetitive, detailed, low-
context work—is able to be perceived in a more process-oriented, relevant, and interconnected 
way (HC-preferred; Table 1). Furthermore, additional equipment (e.g. Gigapan for outcrop 
imaging and lithostratigraphic correlation, portable DinoLite microscope for hand sample and 
thin section analysis, drafting software; Fig. 2) and data from FS1 (e.g. thin sections, 
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geochemical data) are available for students to pursue an optional predefined individual “mini-
project.” This added an element to FS2 for students to interpret and integrate multiple data sets 
(e.g. stratigraphy and magnetic susceptibility), opening doors for systems thinking and analysis 
(HC-preferred; Table 1). 
 
Evaluation   
 

Students did not receive course credit or grades for their participation in the IRES 
program, so while exam performance is the quantitative standard for evaluating student success 
in academic environments, here we focus on the quantitative measurement of gains in student 
self-confidence through exposure to the change in curriculum from FS1 to FS2. The social 
cognitive theory investigates how perceived self-efficacy affects human action and thought. 
From Bandura (1986, p. 367-368): “Self-efficacy scales do not measure skill; they measure what 
people believe they can do under varied circumstances, whatever skills they possess, or the 
particular skills required by the task… Judgements of operative self-efficacy are concerned not 
with the skills one has, but with beliefs about what one can do with the sub skills one possesses in 
dealing with continuously changing realities, most of which contain ambiguous, unpredictable, 
and stressful elements.”  

Student participants each summer (FS1 and FS2) completed identical surveys that served 
as pre and post measures of self-efficacy and a culminating attitudinal survey to evaluate the 
quality of the overall program. The questions and structure did not change between FS1 to FS2. 
The surveys were developed by the authors prior to the first field season and were administered 
by the same instructor on the mornings of the first and last days of the program. No time limit 
was enforced for completing the survey; with both the survey questions and follow-up short 
answer questions, the typical student took about one hour to complete the survey. The identical 
pre and post survey includes ~12 items (Table 3) designed to measure development of self-
efficacy in research applications and content knowledge (e.g. understanding of past climates, 
sedimentological skillsets). For each item, students self-rank their level of confidence (1-3 from 
highest to lowest) in each concept or skill. The attitudinal survey—taken only at the conclusion 
of each field season (at the same time as the post-survey above)—asks students to rate ~10 
aspects of the program on a scale 0-3 from lowest to highest quality (Table 3). Quantitative data 
from surveys (Table 3) were analyzed in R Studio using paired t-tests, and t-tests to assess 
differences between two populations (Table 4).  

In addition to the surveys described above, qualitative data sources include (1) instructor 
logs from informal, weekly reflections (group share) and (2) short-answer responses at the end of 
pre- and post-surveys (described above). The informal, weekly reflections were held as a group 
(all students and mentors) and were meant to encourage self-reflection and career development 
discussion. The students were asked to reflect on their experience weekly through journaling, but 
sharing was optional. Participant responses during informal reflections were transcribed by the 
instructor and unitized into unique data pieces. A constant comparative approach (Glaser, 1965) 
was used to identify key themes in areas of program improvement (from a student perspective). 
Select data units that exemplified this theme are summarized in Table 5 for each field season. 
Each (pre- and post-survey) includes six short answer questions: Most are intended to obtain 
background (e.g., coursework or motivation to participate in the program) or general career goal 
(e.g., intent to apply to grad school) information. However, two of the open-ended questions 
prompted responses from the FS2-student cohort that were characteristic in nature according to 
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their context inventory (selected for summary in Table 6). Students in FS2 took the cultural 
context inventory survey (Halverson, 1993) at the beginning of the season to document preferred 
context and associated work ethic/learning behaviors, and students in FS1 were asked to 
complete it retroactively. All survey instruments are accessible in the Supplemental Materials. 
 
Results 
 

Student participants in the NSF IRES program are from racial/ethnic minority groups, 
low socioeconomic status, and/or are non-traditional students, and are primarily high context-
preferred learners (Table 2). In the final attitudinal survey (Table 3), students rated the overall 
quality of the program higher in FS2 (mean 28) than in FS1 (mean 26). Findings from the pre-to-
post self-rated assessments suggest that student participation in the program, regardless of year 
or cultural context, resulted in advancement of student confidence in research application, 
independent field work, and their ability to contribute to science (Table 3; all but one student 
show positive gains from the beginning to end of the field season). As shown in Table 4a, this 
overall positive gain in pre-to-post survey scores (mean +7.5) for all students (n=8) both years, is 
statistically significant (p << 0.05). Within this group, HC (n=5) and LC (n=3) students each 
improved (~+7.0; Table 4b-c) by insignificant (p = 0.07-0.08) gains, but there is no statistical 
difference (p = 0.94) in the mean gain between context groups overall.  

Establishing significance is not possible with analysis by distinct year and context 
orientation due to small sample sizes, but the improvements are still quantitatively measurable. 
For example, the pre-to-post difference in mean scores (+3.0) for all students from FS1 (n=4) to 
FS2 (n=4) indicates self-rated improvement overall in FS2, though not by a statistically 
significant margin (p = 0.50; Table 4d-e). However, if we isolate the data to examine only those 
students who tested as high context, the increase in mean pre-to-post-survey gains (+7.3) from 
FS1 (n=3) to FS2 (n=2) is closer to being statistically significant (p = 0.24; Table 4f-g), but not 
quite due to the small numbers of students. In contrast, students who tested as low context at the 
beginning of the field season saw a minor decline in mean pre-to-post gains (-4.0) from FS1 
(n=1) to FS2 (n=2), but it is not possible to assess significance with only one student in FS1 
(Table 4h-i).  

Key themes in qualitative data are identified and reported in Tables 5-6. Table 5 
summarizes areas for program improvement (from a student perspective) that influenced changes 
in instructional sequence design for each subsequent field season. Table 6 summarizes open-
ended responses (from FS2 only) to select questions from the pre- and post-survey that 
demonstrate the expected nature of student participants as predicted by their context inventory. 
 
Discussion 
 

The Multicontext Theory does not suggest that one way of knowing and doing (high or 
low context) is better than the other. However, because academia (and especially STEM) 
traditionally favors low context approaches, the objective for FS2 was to integrate more aspects 
into the instructional design that are typically high-context-favorable (see Table 1), especially 
given the demographic of the students in the program. We consider that the overall success of the 
program is defined by the ability to have all participating students improve by quantifiable (pre-
to-post survey) margins and to observe qualitative behaviors that demonstrate a connection and 
engagement to the work. In this discussion, we will first review components of the FS2 
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Multicontext model, and the data (quantitative and qualitative) that largely support its positive 
impact. Then we will assess other factors that possibly contributed to the change in student 
experience from FS1 to FS2. 

Student participation in the program in general results in measurable and significant 
advances in student self-efficacy (Table 4a), but to assess the impact of Multicontext activation 
in curriculum design in FS2 (with the particular objective of being more inclusive of higher-
context modes), we must analyze the results by year and by preferred context orientation. From 
FS1 to FS2 we see an increase in the pre-to-post survey margin (+3.0; Table 4d-e) of self-
assessed student confidence (e.g. in relevant skills/competencies, research application, 
independent field work, scientific thinking) and in the student-rated overall quality of the 
program. Despite the inability to determine statistical significance due to small sample size, 
substantial gains in student self-efficacy from FS1 to FS2 were reported by higher-context 
students (+7.3; Table 4f-g) while lower-context students reported a slight decline (-4.0; Table 4h-
i). Based on these data and observations, we interpret that FS1 was more supportive of low-
context students, and that activation of a Multicontext approach in FS2 (Fig. 1) resulted in a 
more inclusive environment, especially for higher-context students.  

Observationally, there was a stark contrast between FS1 and FS2 in individual student 
level of focus and engagement through the field season. FS1 student feedback (Table 5) 
suggested a lack of clarity around how their work fit into the broader research questions. It is 
likely that instruction of content and skills without a broader context (e.g. how/where data 
collected in the field would eventually be applied) resulted in a potentially challenging and 
unsupportive learning environment, especially for higher-context students. Balancing across 
cultural frameworks (Chávez and Longerbeam, 2016; Weissmann et al., 2019) in the 
instructional design for FS2 (Fig. 1) resulted in improved student engagement. Defining research 
objectives early (week one pre-field 5E-structured orientation) and revisiting them often 
(discussing how data collected throughout the field season fits into broader research questions) 
resulted in a strong understanding of the purpose of the research before beginning work in the 
field. During the 5E orientation, high-context students were particularly animated and tended to 
lead the group in activities like the card sort (Fig. 2), not just because it was “active” but because 
it involved systems thinking about how detailed observations (sedimentary structures) were 
produced in different systems (depositional environments) and speculation about contextually 
significant implications (regional climate). For example, while lower-context students focused on 
assigning the correct name and paleocurrent direction to each feature, higher-context students 
would ask questions like: “Why can’t this feature belong to both fluvial and glacial systems?” 
and “Why can’t this feature indicate paleoflow going in multiple different directions?” The 
answer to both being that they can! It is a perfect example of how in science there is “no one 
right answer”— but there is also no single “right” way of thinking. It is hard to determine how 
the prevailing role of higher-context students in these scenarios impacted the learning 
environment for lower-context students: But it did seem to positively influence lower-context 
students to consider alternative solutions (usually further outside of the textbook definitions). 
The option to have ownership of individual projects/products, access to equipment, and 
continued mentorship associated with evening (after-field) work also fostered a better overall 
student connection to the research in FS2 by allowing them to take direction in their learning 
experience.  

Survey responses from FS2 (Table 6) characterize the typical or expected nature of 
student behavior as predicted by their context inventory. Lower-context students were very goal-
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specific and product-focused—almost disappointed if they did not fully complete the assembly 
of a poster presentation during their time (Table 6; row 4, 8, col 2)—whereas higher-context 
students had intentions to absorb diversified aspects of the entire system (and consider all the 
data) rather than being limited to an individual project. Lower-context students excelled at data 
collection, drawing upon an inherent inclination to metrics and detail, whereas higher-context 
students struggled to maintain focus during these activities, but asked relevant and impactful 
questions such as “Why did we choose this locality?” and “What does this feature mean about 
the climate at the time of deposition?” Questions, group discussions, and student-lead initiatives 
to conduct literature reviews and practice petrography skills (with the DinoLite microscope) 
showed a level of interest and engagement in and out of the field that was not apparent in FS1. 
The quality and quantity of work produced by students during FS2 was impressive. Three 
students (a mix of higher- and lower-context) continued work on individual research projects 
after their return from the field program and have presented at undergraduate research symposia 
(at their home institutions) as well as at Geological Society of America conferences (Birkett et 
al., 2020; Mueller et al., 2020). 

The development of a positive or negative team chemistry was also a driving element in 
the overall learning experience in regard to student level of focus and engagement. It is possible 
that activation of a Multicontext approach reduced competition and individuation, cultivating a 
more integrated student cohort in FS2. On the other hand, an initially more cohesive cohort in 
FS2 could have also contributed to the margin of improvement over FS1 (effectively minimizing 
the importance of the change in instructional approach). In FS1, an abrupt shift from excitement 
and euphoria to arguments and alienation among student participants occurred in the second 
week. This shift, known as “forming” to “storming” according to Tuckman’s small group 
dynamics hypothesis (Tuckman, 1965, Tuckman and Jensen, 1977), negatively impacted the 
learning environment and contributed to a degradation in student engagement despite its 
intangibility. Integration and discussion of personality assessment data (Myers-Briggs; Briggs, 
1987) at the beginning of the field season, coupled with a more naturally-cohesive cohort, 
generally resulted in a more positive team dynamic and sustained engagement. The personality 
assessment included a brief discussion on context orientation, but it would be interesting to 
elaborate on cultural context and the Multicontext model at the beginning of FS3 to see if there is 
an influence on group dynamic with improved comprehension of self and teammate tendencies 
in respect to the cultural context spectrum. With work like this that involves small-group 
collaboration in a field context where different personalities are forced to work closely and 
interact both in a working and living space, we can expect that student focus and engagement 
will be affected in part by team chemistry and dynamic.  

Additional factors that potentially influence the improvement from FS1 to FS2 include: 
(1) the varied academic background of students upon entering the program. However, the FS2 
cohort had more previous experience in geoscience-specific courses and experiences, so this is 
likely not a driving factor, as we would expect to see smaller pre-to-post assessment gains in FS2 
than in FS1. Also, note that the mean total self-assessed pre-score for FS1 and FS2 match (Table 
4d-e). (2) Another factor could be adaptability (e.g. culturally or intense fieldwork) that was 
covert. These aspects could have varied with time—by individual or by group—and may have 
influenced some assessment responses as well. Finally, (3) as noted above, the field setting is 
inherently underlain by Multicontexted potential.    
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Limitations  
 

Some of the most valued intentions of this experience are inherently difficult to measure 
(e.g., improved understanding of the scientific process, a stimulated passion to pursue a STEM 
career, student interest/engagement), especially with the limitations of a particularly small and 
diverse sample size (four students annually). A more robust sample set in terms of number of 
students and number of survey questions may have changed or enhanced the significance of 
results. Additionally, several variables are difficult to control (e.g. the impact of small group 
dynamic, changes in the applicant pool or recruitment/selection procedures, varying levels of 
prior experience by student). Finally, the data are acquired through means of self-reporting so it 
is subjective, and we are limited to discussion about improvements in self-efficacy. To obtain a 
more direct read of student skill acquisition or concept retention, an objective method of 
measurement is required (e.g. formal exams or demonstrations in the field), but likely not 
possible for this program given the lack of formal grading or option to obtain coursework credit. 
All of these potential limitations should be considered in the interpretation of results and in 
planning for the final field season (FS3). 
 
Implications and future study 
 

This study is only one example of how a short field-based program like IRES can benefit 
from a broadened spectrum of context teaching frameworks. Future plans include continued 
implementation of the Multicontext model for the final season of the NSF IRES program (FS3) 
to assess whether results are reproducible with a different group and/or location. Pre- and post-
survey formats will be preserved to keep data comparable between successive field seasons. 
Changes will include expanding on the informal reflections, lunch discussions, and integration of 
“mini lectures” into the field day. The integration of mini in-field lectures for brief skillset 
review (e.g. map-reading) is based on FS2 student feedback (Table 5) and serves as an 
opportunity to continue tying the selection of field locations and data collection plans back to 
broader context research questions (as discussed in FS2). Students in FS3 will complete the same 
context inventory survey (Halverson, 1993), as well as a more comprehensive scaled Context 
Diversity matrix developed by Ibarra (pers. commun. 2019). An introduction to the Multicontext 
Theory will be shared with the students at the beginning of the field season so they can begin to 
recognize when they are engaged in higher- or lower-contexted work. We are interested to (1) 
test which (if either) of the context inventory tests is more insightful, and (2) observe the fluidity 
of student context orientation over the four-week timeframe. We expect that if the students have 
some awareness of the Multicontext model, and where tasks fit on the spectrum, we will observe 
shifts over the course of the field season in their context-inventory results, indicating their 
adaptability to use both perspectives in comprehension and application.  
 
Conclusions 
 

Programs (like NSF IRES) that support undergraduate students from historically 
underrepresented groups in international STEM research might find more success in student 
engagement when leaders and instructors recognize and activate the Multicontexted culture of 
their research group. With heavy (international) travel logistics, a different student cohort each 
year, and a relatively short field season, it is challenging to assess context orientation, manage 
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interpersonal group dynamics, and provide students a meaningful educational experience that is 
well-balanced with productive data collection. We found it important to fuse typical (by 
definition) “high” and “low” (integrated and individuated) context teaching frameworks because 
students may shift higher or lower on the spectrum situationally or through time, and the ultimate 
goal is to create Multicontextual thinkers (both low and high context are equally as important, 
but the full spectrum must be valued).    

Separate cohorts for the first two years of our program are mostly first-generation college 
students from historically underrepresented groups in STEM, and most are “high context”-
preferred learners. From FS1 to FS2, there are measurable improvements in student self-efficacy 
overall (e.g. in concept comprehension, field/analytical competencies, research application), but 
they are dominantly reported by high-context students. Associated with these quantitative 
(survey-derived) gains, observational transformations into FS2 include a higher quality of work, 
and a positive, productive and integrated group dynamic that we interpret to reflect higher levels 
of student engagement and inclusion as scientists. These improvements (quantitative and 
qualitative) can be attributed partially to the shift from an FS1 low context-preferred 
instructional framework to a more balanced, Multicontexted culture in FS2. The FS2 
instructional sequence includes (1) a mixed lecture-application 5E-structured orientation prior to 
fieldwork that clearly introduces the broad research objectives early, (2) frequent discussions 
during fieldwork to place low-context tasks in a broader context (e.g. explain how the current 
dataset will be integrated with other information and ultimately impact major research questions) 
and (3) a pre-defined mini-project option that allowed students to set an individual intent for 
growth in this experience (e.g. integrating multiple datasets to focus on a single idea vs. applying 
diversified field methods to contribute to several ideas). Weissmann et al. (2019, p. 7) stated that 
“activation of the Multicontexted approach requires systemic, institutional cultural change by 
broadening values to be inclusive of high contexted approaches.” Within the Multicontext 
system—a theory that has broad implications for the entirety of academic culture—this study 
represents a small segment of how awareness of the Multicontext Theory as an instructor, 
coupled with relatively minor adjustments to balance across cultural frameworks in teaching, 
results in a more inclusive environment for students to apply their individual strengths and 
cultural context to effect an enhanced learning experience. 
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FIGURES AND TABLES 
 
Table 1. Summary of high context (HC) and low context (LC) cultural values modified from 
Weissmann et al. (2019), Chávez and Longerbeam (2016), and Ibarra (2001).  
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Table 2. Context inventory survey results (Halverson, 1993; Supplemental Materials) and 
corresponding demographic information for students in FS1 and FS2. The exact student number 
on this table does not correspond with the exact student numbers in Table 3: Given the small 
sample size, numbers were shuffled for confidentiality on demographic information. 
 

 
 
Table 3 (next page). Raw data from pre-post and attitudinal assessments (Supplemental 
Materials). Questions from each survey are provided at the bottom of the table. Total Pre and 
Total Post is the score total per student for the whole assessment. The score for each question on 
the pre-post assessment is between 1-3 where 1 indicates highest confidence (1= yes, I 
understand this sufficiently so that I can do or explain this independently, 2= I can follow this in 
class or when I have an example but am confused when I work on my own, and 3= I recognize 
what this is referring to, but I don’t understand or know how to do it). The score for each 
question on the attitudinal survey (comprehensive program evaluation) is between 0-3 where 3 
indicates the highest rating (3= Excellent/very satisfied, 2= Very good/satisfied, 1= 
Average/neutral, and 0= Below average/dissatisfied). 
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Table 4. Summary of pre-post self-rated assessment (Supplemental Materials) statistical 
analysis. Shaded cells indicate where gains are statistically significant. 
 

  
 
 
Table 5. Select student feedback from informal weekly reflections. These statements represent 
key themes regarding areas of improvement from a student perspective (by field season). 
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Table 6. Open-ended survey responses from select questions on the pre-and post-assessments 
(Supplemental Materials) by context inventory (FS2 only). 
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Figure 1 (previous page). Instructional sequences and corresponding timeline from FS1 (top) 
and FS2 (bottom).  
 
 
 
 
 

 
Figure 2. Photos display examples of elements implemented in FS2. Top right: Pre-to-post field 
season improvements in Pangea sketches from the Engage-Elaborate phases of 5E orientation. 
Bottom right: A card sort activity “how can we use sedimentary structures in the rock record to 
interpret depositional environments?” in the Explore-Explain phases of 5E orientation. Left: 
Examples of students using equipment in the field (Gigapan outcrop imaging) and at home 
(DinoLite microscope) to pursue individual projects. 
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SUPPLEMENTAL MATERIALS 
Chapter I  

 
 

 
Appendix I. Additional microprobe data, including quartz grain sizes in basement source 
samples that were too large for 2D BSE quartz grain size analysis (top) and EDS spectra and 
compositional table for the illite-rich matrix of the Salagou Formation (bottom). 

1 inch diameter mounts

Salagou Formation matrix EDS spectrum 

Basement (source) lithologies with quartz too large for BSE image analysis
Mendic Granite                              Cambrian Tuff (16-005)                               Faulet Granite
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GPS Location Data 
 
I. Locations of Section Lines  
 
 
GPS Coordinates for "Boar Basin"  
Lower-most Salagou (north of Rabieux)  
Measured June 6-7, 2018 
LSALBB 

lat (N) long (E) Ref m 
43.703510 3.450141 0 
43.703422 3.451212 10 
43.702818 3.451168  
43.702935 3.451594  
43.702999 3.452095  
43.702904 3.452042  
43.702662 3.452178  
43.702477 3.452146  
43.702319 3.452218  
43.702269 3.452168  
43.702534 3.452907  
43.702218 3.453075  
43.702118 3.453316  
43.702122 3.453626  
43.701972 3.453895  
43.701597 3.454433  
43.701553 3.454694  
43.701623 3.454996  
43.701905 3.455363  
43.701646 3.455413  
43.701519 3.455656  
43.701201 3.456163  
43.700985 3.456229  
43.700806 3.456123  
43.700483 3.456511  
43.700154 3.456935 130 
43.700079 3.456920  
43.699860 3.457058  
43.700016 3.457573  
43.699544 3.457733 161 

 
 
 
 
 
 

GPS Coordinates for "Hog Hill"   
Lower Salagou    
Measured June 17, 2018  
LSALHH   

lat (N) long (E) Ref m 
43.683235 3.432288 0 
43.683075 3.431964  
43.682436 3.431939  
43.682423 3.431829  
43.681602 3.431370  
43.681504 3.431089  
43.681077 3.431136  
43.680753 3.430453  
43.680584 3.430150  
43.680457 3.429756 70 

 
 
GPS Coordinates for "The Peninsula" 
Mid-Upper Salagou (E. of Octon, "La Sure") 
Measured June 4, 2018 
MUSAL 

lat (N) long (E) Ref m 
43.657362 3.347601 0 
43.656937 3.347432 10 
43.656809 3.347526  
43.656591 3.347459  
43.656479 3.347526  
43.656323 3.347492  
43.656219 3.347031 40 
43.656102 3.347042  
43.655925 3.346988  
43.655017 3.348165  
43.654823 3.347205  
43.655086 3.346638  
43.655015 3.346372  
43.654866 3.346298 100 
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GPS Coordinates for "The Ranch"  
Lower-Middle Salagou (east of Octon)   
Measured June 2-3, 5 2018 
LSALE  

lat (N) long (E) Ref m 
43.675317 3.335809 0 
43.674943 3.336263 5 
43.674663 3.336497  
43.674528 3.336772  
43.674011 3.337181  
43.673999 3.337384  
43.673924 3.337399  
43.674000 3.337719  
43.673928 3.338021  
43.673622 3.337928  
43.673413 3.338125 80 
43.673246 3.338254  
43.673063 3.338275  
43.672948 3.338372  
43.672766 3.338498  
43.672607 3.338545  
43.672481 3.338440  
43.672342 3.338519  
43.672075 3.338770 130 

 
GPS Coordinates for Octon  
Upper Salagou  
Measured June 13, 2018 
USALOB 

lat (N) long (E) Ref m 
43.645994 3.299409 0 
43.645643 3.299263 20 
43.644924 3.298998  
43.644875 3.298321  
43.644744 3.298861  
43.644688 3.298352  
43.644691 3.298274  
43.643981 3.300121  
43.643660 3.300378  
43.643356 3.299859  
43.642696 3.299505 120 

GPS Coordinates for "The Labyrinth"  
Upper Salagou (S. of Peninsula) June 9-10 
Measured June 9-10, 2018 
USAL 

lat (N) long (E) Ref m 
43.652694 3.342276 0 
43.649827 3.343290 10 
43.649010 3.343417  
43.647400 3.342933  
43.646652 3.345230  
43.646322 3.345263  
43.646094 3.344828  
43.645332 3.345125  
43.645449 3.344069  
43.645136 3.344025 81.5 
43.644855 3.343356  
43.644653 3.343276  
43.644342 3.343451  
43.644193 3.343292 110 

 
 
GPS Coordinates for Merifons 
Upper-most Salagou 
Measured June 20, 2018 
USALME 

lat (N) long (E) Ref m 
43.634079 3.277059 0 
43.633829 3.277023  
43.633584 3.276725 20 
43.633353 3.276712 30 
43.633416 3.276291 38 
43.633382 3.276343 40 
43.633219 3.276365 50 
43.633020 3.276600  
43.632925 3.276484 60 
43.632940 3.276180 70 
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GPS Coordinates for WOCTON 
Upper Salagou  
Measured June 18-19, 2018 
USALWO   

lat (N) long (E) Ref m 
43.641229 3.304007 0 
43.640997 3.304038  
43.640689 3.303933 21 
43.640573 3.303969  
43.640366 3.304091 30 
43.640121 3.304386 36 
43.639833 3.304502  
43.639206 3.304966  
43.639179 3.304847 73.5 
43.639197 3.304380 80 
43.638942 3.304724 85 
43.638826 3.304558 90.5 
43.638913 3.304324 91 
43.638393 3.304505 106 
43.639284 3.289774 110 
43.639156 3.289469 120 
43.638693 3.289306  
43.638547 3.289355  
43.638271 3.289456 145 
43.638052 3.289559  
43.638009 3.289615  
43.637888 3.289451 161 
43.637557 3.289166 178 
43.637443 3.288964  
43.637266 3.288853 190 
43.637169 3.288648  
43.637134 3.288491 200 
43.637174 3.288254 204 
43.636824 3.288367  
43.636713 3.288106 220 
43.636566 3.288337  
43.636460 3.288169 225 
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II. Detrital zircon samples   
 
GPS Coordinates for detrital zircon samples (n=3) 
Salagou Formation 
Collected June, 2012 
Analyzed 2012-2013 
Strat. Position Sample lat (N) long (E) 
Upper Salagou R2B-B 43.64482 3.235133 
Mid-Upper Salagou (Octon Mbr.) R2B-G 43.64435 3.289017 
Basal Salagou R2B-F 43.68885 3.411000 

 
 
III. Grain size samples   
 
GPS Coordinates for grain size analysis  
Salagou Formation (red mudstone)  
Collected June, 2018  
Analyzed 2018-2019  
Strat. Position Sample lat (N) long (E) 
Lowermost LSALBB 0  43.703510 3.450141 
Lower LSALHH 30 43.682423 3.431829 
Lower-Mid LSALE 0 43.675317 3.335809 
Lower-Mid LSALE 25 43.674528 3.336772 
Lower-Mid LSALE 50 43.674000 3.337719 
Lower-Mid LSALE 75 43.673413 3.338125 
Lower-Mid LSALE 100 43.672948 3.338372 
Lower-Mid LSALE 125 43.672075 3.338770 
Mid-Upper MUSAL 0 43.657362 3.347601 
Mid-Upper MUSAL 10 43.656937 3.347432 
Upper USAL 0 43.652694 3.342276 
Upper USAL 150 43.644193 3.343292 
Upper USALOB 43.645994 3.299409 

 
GPS Coordinates for grain size analysis  
Montagne Noire Basement (rep. lithologies)  
Collected June, 2018  
Analyzed 2018-2019  
Type Sample lat (N) long (E) 
Granite 16-004 43.64472222 2.96472222 
Granite 16-003 43.64055556 2.96916667 
Tuff K1A 43.73111111 3.33194444 
Schist K2MN+K3MN  43.66166667 3.09916667 
Schist X10+X11   43.66305556 3.07972222 
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III. Geochemical samples   
 
GPS Coordinates for geochem analysis 
Salagou Formation (red mudstone) 
Collected June, 2018 
Analyzed 2018-2019 
Strat. Position Sample lat (N) long (E) 
Upper USALWO 90 43.638826 3.304558 
Upper USALWO 74 43.639179 3.304847 
Upper USALWO 70 43.639179 3.304847 
Upper USALWO 60 43.639206 3.304966 
Lower-Mid LSALE 16.5 43.674943 3.336263 
Paleosol top R4 (LSALE) 43.674943 3.336263 
Paleosol R3 (LSALE) 43.674943 3.336263 
Paleosol R2 (LSALE) 43.674943 3.336263 
Paleosol base R1 (LSALE) 43.674943 3.336263 
Lower-Mid LSALE 10 43.674943 3.336263 
Lower-Mid LSALE 5 43.674943 3.336263 
Lower  LSALBB 75 43.701597 3.454433 
Lower  LSALBB 55 43.702534 3.452907 
Lower  LSALBB 16 43.703422 3.451212 
*Paleosol samples (n=4) are 30-cm apart  

 
 
GPS Coordinates for geochem analysis  
Montagne Noire Basement (rep. lithologies)  
Collected June, 2018  
Analyzed 2018-2019  
Type Sample lat (N) long (E) 
Schist X10 43.6630556 3.07972222 
Schist X11 43.6605556 3.06916667 
Granite Faulat 43.7963889 3.08055556 
Granite Mendic 43.7186111 3.15333333 
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SUPPLEMENTAL MATERIALS 
Chapter II 

 
MATLAB and R commands   
MATLAB commands associated with the manuscript 'Rock magnetic cyclostratigraphy of 
Permian loess in eastern equatorial Pangea (Salagou Formation, south-central France)' by Pfeifer 
et al., 2020. 
Note: tanerfilter.m and evofft.m are available at:  
http://mason.gmu.edu/~lhinnov/cyclostratigraphytools.html 
and all other MATLAB functions are available in the MATLAB Signal and Curve Fitting 
toolboxes. 
################################ 
 
Lower (“boarbasin”) 
General Notes: Power spectrum is 2pi multi-taper (MTM) without padding. 6pi MTM with 
padding looks very similar. Evolutionary spectrogram is with a 20m window and shows true 
variance values (not normalized to the max frequency).  
figure; plot(boarbasin(:,1),boarbasin(:,2)); 
diffboarbasin=diff(boarbasin(:,1)); 
figure;plot(diffboarbasin); 
mean(diffboarbasin) 
median(diffboarbasin) 
dd=0.5; 
depthint=boarbasin(1,1):dd:boarbasin(317,1); 
depthint=depthint'; 
boarbasinint=interp1(boarbasin(:,1),boarbasin(:,2),depthint); 
figure;plot(depthint,boarbasinint); 
  
Power spectrum without padding   
[p,w]=pmtm(detrend(boarbasinint),2,321); 
f=w/(2*pi*dd); 
figure;plot(f,p); 
  
Evolutionary spectrum (window is 20) 
s=evofft(data,window,step,dt,fmin,fmax,unit,norm) 
s=evofft(data,20,dd,dd,0,1,'m',1); 
 
Upper (“composite-upper”) 
General Notes: Raw data is pre-whitened. Power spectrum is 6pi MTM. Evolutionary spectrum 
is with a 100m window and shows true variance values (not normalized to the max frequency). 
The evolutionary spectrum is after Taner band filters were applied to focus on high-frequency 
variability.  
  
Pre-whitening 
span350=350/dd; 
smoothupper350=smooth(upperint,span350,'loess'); 
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hold all; plot(depthint,smoothupper350); 
upperintres350=upperint-smoothupper350; 
figure;plot(depthint,upperintres350); 
  
Power spectrum with padding 
[p,w]=pmtm(upperintres350,6); 
f=w/(2*pi*dd); 
figure;plot(f,p); 
  
Evolutionary spectrum (window is 100) 
s=evofft([depthint upperintres350],100,dd,dd,0,1,'m',1); 
  
Taner low-pass filter removal to focus on higher-frequency signal   
[tanerbandx,filtout,f]=tanerfilter(upperintres350,dd,0,-0.035,0.035); 
hold all; plot(depthint,tanerbandx); 
upperintres350restanner=upperintres350-tanerbandx; 
figure;plot(depthint,upperintres350restanner); 
  
Power spectrum, 6pi MTM  
[p,w]=pmtm(upperintres350restanner,6); 
f=w/(2*pi*dd); 
figure;plot(f,p); 
  
Evolutionary spectrogram (window is 100) 
s=evofft([depthint upperintres350restanner],100,dd,dd,0,1,'m',1); 
s=evofft([depthint upperintres350restanner],100,dd,dd,0,1,'m',0); 
 
R commands 
# R commands associated with the manuscript 'Rock magnetic cyclostratigraphy of Permian 
loess in eastern equatorial Pangea (Salagou Formation, south-central France)' by Pfeifer et al.  
# code written by Linda Hinnov 2018-2019 
################################ 
# investigate cyclicity in the Lower (“boarbasin”) 
# General notes: Astronomical target has 13 astronomical frequencies   
# load library 'astrochron' which must be installed 
library(astrochron) 
 
# load data into R 
boarbasin=read() 
 
# set time step for interpolation 
dt=0.5 
 
# linearly interpolate depth series (is required for time series analysis) 
boarbasinint=linterp(boarbasin,dt) 
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# apply Evolutive Harmonic Analysis 
EHAboarbasin=eha(boarbasinint,tbw=2, win=180, demean=T, detrend=T, sigID=T, 
siglevel=0.95, 
pl=2, output=5, fmin=0., fmax=1., xlab="Frequency (cycles/m)", ylab="Height (m)") 
 
# set parameters for Astronomical Spectral Misfit 
freq <- data.frame(EHAboarbasin) 
rayleigh <- 0.00443459 
nyquist <- 1 
target <- c(1/405.091,1/131,1/123.4,1/98.9, 1/94.5,1/44.84,1/34.331, 1/33.441, 
1/26.155,1/21.296, 
1/20.234,1/17.521, 1/17.392) 
 
# apply Astronomical Spectral Misfit 
asm(freq=freq,target=target,rayleigh=rayleigh,nyquist=nyquist,sedmin=5,sedmax=15,numsed= 
100,linLog=1,iter=100000,output=FALSE) 
 
# investigate cyclicity in the middle-upper (“composite”) 
# General notes: Astronomical target has 10 astronomical frequencies 
# load library 'astrochron' which must be installed 
library(astrochron) 
 
# load data into R 
composite=read() 
 
# set time step for interpolation 
dt=0.5 
 
# linearly interpolate depth series (is required for time series analysis) 
compositeint=linterp(composite,dt) 
 
# apply Evolutive Harmonic Analysis 
EHAcomposite=eha(compositeint,tbw=2, win=758.5, demean=T, detrend=T, sigID=T, 
siglevel=0.95, 
pl=2, output=5, fmin=0., fmax=1., xlab="Frequency (cycles/m)", ylab="Height (m)") 
 
# set parameters for Astronomical Spectral Misfit 
freq <- data.frame(EHAcomposite) 
rayleigh <- 0.00443459 
nyquist <- 1 
target <- c(1/405.091,1/131,1/123.4,1/98.9,1/44.84,1/34.331,1/26.155,1/21.296,1/17.521, 
1/17.392) 
 
# apply Astronomical Spectral Misfit 
asm(freq=freq,target=target,rayleigh=rayleigh,nyquist=nyquist,sedmin=5,sedmax=15,numsed= 
100,linLog=1,iter=100000,output=FALSE) # end script 
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Raw MS data 
 
Lower section
 
Meter  MS (x10-3) 

0 0.107 
0.5 0.176 

1 0.197 
1.5 0.109 

2 0.145 
2.5 0.126 

3 0.15 
3.5 0.169 

4 0.204 
4.5 0.097 

5 0.217 
5.5 0.216 

6 0.192 
6.5 0.233 

7 0.205 
7.5 0.233 

8 0.174 
8.5 0.193 

9 0.242 
9.5 0.149 
10 0.189 

10.5 0.195 
11 0.219 

11.5 0.172 
12 0.152 

12.5 0.164 
13 0.121 

13.5 0.199 
15.5 0.273 

16 0.255 
16.5 0.259 

17 0.195 
17.5 0.27 

18 0.378 
18.5 0.199 

19 0.274 

19.5 0.227 
20 0.311 

20.5 0.21 
21 0.234 

21.5 0.161 
22 0.257 

22.5 0.207 
23 0.196 

23.5 0.159 
24 0.182 

24.5 0.23 
25 0.249 

25.5 0.209 
26 0.227 

26.5 0.239 
27 0.122 

27.5 0.243 
28 0.222 

28.5 0.244 
29 0.266 

29.5 0.271 
30 0.216 

30.5 0.129 
31 0.111 

31.5 0.187 
32 0.177 

32.5 0.232 
33 0.212 

33.5 0.238 
34 0.124 

34.5 0.23 
35 0.207 

35.5 0.137 
36 0.215 

36.5 0.185 
37 0.15 

37.5 0.114 

38 0.184 
38.5 0.138 

39 0.119 
39.5 0.224 

40 0.201 
40.5 0.23 

41 0.2 
41.5 0.118 

42 0.283 
42.5 0.167 

43 0.122 
43.5 0.172 

44 0.197 
44.5 0.148 

45 0.21 
45.5 0.26 

46 0.247 
46.5 0.271 

47 0.141 
47.5 0.163 

48 0.12 
48.5 0.122 

49 0.182 
49.5 0.25 

50 0.206 
50.5 0.287 

51 0.27 
51.5 0.209 

52 0.266 
52.5 0.127 

53 0.252 
53.5 0.1 

54 0.196 
54.5 0.191 

55 0.201 
55.5 0.165 

56 0.207 
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56.5 0.132 
57 0.196 

57.5 0.17 
58 0.152 

58.5 0.166 
59 0.166 

59.5 0.23 
60 0.211 

60.5 0.295 
61 0.206 

61.5 0.08 
62 0.203 

62.5 0.17 
63 0.109 

63.5 0.209 
64 0.155 

64.5 0.168 
65 0.15 

65.5 0.21 
66 0.316 

66.5 0.279 
67 0.217 

67.5 0.239 
68 0.218 

68.5 0.224 
69 0.207 

69.5 0.174 
70 0.13 

70.5 0.146 
71 0.163 

71.5 0.166 
72 0.197 

72.5 0.158 
73 0.158 

73.5 0.229 
74 0.212 

74.5 0.258 
75 0.225 

75.5 0.22 
76 0.286 

76.5 0.279 
77 0.211 

77.5 0.284 
78 0.228 

78.5 0.172 
79 0.266 

79.5 0.223 
80 0.178 

80.5 0.111 
81 0.209 

81.5 0.235 
82 0.241 

82.5 0.163 
83 0.135 

83.5 0.237 
84 0.227 

84.5 0.2 
85 0.236 

85.5 0.242 
86 0.195 

86.5 0.16 
87 0.292 

87.5 0.226 
88 0.26 

88.5 0.306 
89 0.231 
90 0.146 

90.5 0.221 
91 0.15 

91.5 0.199 
92 0.218 

92.5 0.149 
93 0.273 

93.5 0.191 
94 0.146 

94.5 0.199 
95 0.254 

95.5 0.345 
96 0.242 

96.5 0.213 

97 0.196 
97.5 0.225 

98 0.126 
98.5 0.133 

99 0.197 
99.5 0.238 
100 0.212 

100.5 0.204 
101 0.205 

101.5 0.136 
102 0.186 

102.5 0.158 
103 0.123 

103.5 0.169 
104 0.221 

104.5 0.184 
105 0.116 

105.5 0.227 
106 0.253 

106.5 0.221 
107 0.177 

107.5 0.136 
108 0.154 

108.5 0.184 
109 0.242 

109.5 0.219 
110 0.159 

110.5 0.131 
111 0.155 

111.5 0.247 
112 0.084 

112.5 0.218 
113 0.222 

113.5 0.188 
114 0.144 

114.5 0.219 
115 0.269 

115.5 0.2 
116 0.283 

116.5 0.254 



 112 

117 0.182 
117.5 0.123 

118 0.185 
118.5 0.216 

119 0.148 
119.5 0.292 

120 0.201 
120.5 0.22 

121 0.156 
121.5 0.169 

122 0.168 
122.5 0.199 

123 0.209 
123.5 0.212 

124 0.114 
124.5 0.202 

125 0.187 
125.5 0.184 

126 0.219 
126.5 0.21 

127 0.239 
127.5 0.186 

128 0.237 
128.5 0.177 

129 0.184 
129.5 0.12 

130 0.181 
130.5 0.185 

131 0.219 

131.5 0.209 
132 0.146 

132.5 0.189 
133 0.299 

133.5 0.229 
134 0.163 

134.5 0.212 
135 0.206 

135.5 0.315 
136 0.205 

136.5 0.18 
137 0.187 

137.5 0.253 
138 0.194 

138.5 0.227 
139 0.23 

139.5 0.253 
140 0.165 

140.5 0.153 
141 0.155 

141.5 0.223 
142 0.192 

142.5 0.169 
143 0.208 

143.5 0.187 
144 0.194 

144.5 0.275 
145 0.173 

145.5 0.214 

146 0.209 
146.5 0.164 

147 0.253 
147.5 0.214 

148 0.176 
148.5 0.174 

149 0.18 
149.5 0.188 

150 0.271 
150.5 0.11 

151 0.194 
151.5 0.228 

152 0.181 
152.5 0.163 

153 0.193 
153.5 0.206 

154 0.254 
154.5 0.173 

155 0.254 
155.5 0.197 

156 0.197 
156.5 0.181 

157 0.293 
157.5 0.182 

158 0.157 
158.5 0.187 

159 0.12 
159.5 0.185 

160 0.248 

 
Mid-Upper section
 
Meter  MS (x10-3) 

758.5 0.16 
758 0.18 

757.5 0.172 
757 0.142 

756.5 0.106 
756 0.215 

755.5 0.243 

755 0.164 
754.5 0.193 

754 0.179 
753.5 0.185 

753 0.151 
752.5 0.138 

752 0.202 
751.5 0.19 

751 0.225 
750.5 0.237 

750 0.227 
749.5 0.164 

749 0.226 
748.5 0.142 

748 0.23 
747.5 0.172 
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747 0.222 
746.5 0.181 

746 0.248 
745.5 0.155 

745 0.148 
744.5 0.147 

744 0.136 
743.5 0.203 

743 0.273 
742.5 0.208 

742 0.187 
741.5 0.17 

741 0.203 
740.5 0.214 

740 0.232 
739.5 0.103 

739 0.204 
738.5 0.182 

738 0.204 
737.5 0.181 

737 0.174 
736.5 0.207 

736 0.177 
735.5 0.245 

735 0.203 
734.5 0.162 

734 0.123 
733.5 0.177 

733 0.195 
732.5 0.163 

732 0.132 
731.5 0.13 

731 0.122 
730.5 0.187 

730 0.264 
729.5 0.191 

729 0.181 
728.5 0.197 

728 0.168 
727.5 0.186 

727 0.19 
726 0.168 

725.5 0.202 

725 0.234 
724.5 0.194 
723.5 0.126 

723 0.172 
722.5 0.176 

722 0.196 
721.5 0.106 

721 0.161 
720.5 0.11 
719.5 0.207 

719 0.153 
718.5 0.1 

718 0.175 
717.5 0.173 

717 0.192 
716.5 0.221 

716 0.199 
715.5 0.206 

715 0.256 
714.5 0.151 

714 0.181 
713.5 0.181 

713 0.172 
712.5 0.135 

712 0.193 
711.5 0.209 

711 0.203 
710.5 0.154 

710 0.168 
709.5 0.167 

709 0.195 
708.5 0.192 

708 0.158 
707.5 0.167 

707 0.147 
706.5 0.168 

706 0.156 
705.5 0.155 

705 0.22 
704.5 0.153 

704 0.163 
703.5 0.16 

703 0.198 

702.5 0.219 
702 0.121 

701.5 0.148 
701 0.191 

700.5 0.204 
700 0.183 

699.5 0.145 
699 0.182 

698.5 0.196 
698 0.177 

697.5 0.166 
697 0.204 

696.5 0.189 
696 0.164 

695.5 0.158 
695 0.128 

694.5 0.145 
694 0.231 

693.5 0.142 
693 0.19 

692.5 0.21 
692 0.167 

691.5 0.17 
691 0.124 

690.5 0.207 
690 0.174 

689.5 0.157 
689 0.141 

688.5 0.194 
688 0.238 

687.5 0.216 
687 0.293 

686.5 0.309 
686 0.279 

685.5 0.235 
685 0.175 

684.5 0.179 
684 0.283 

683.5 0.246 
682.5 0.283 

682 0.217 
681.5 0.275 

681 0.284 
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680.5 0.394 
680 0.264 

679.5 0.286 
678 0.202 

677.5 0.223 
676.5 0.121 
675.5 0.279 

675 0.195 
674.5 0.124 

674 0.148 
673.5 0.264 

673 0.201 
672 0.196 

671.5 0.164 
671 0.205 
670 0.188 

669.5 0.227 
669 0.182 

668.5 0.183 
668 0.223 

667.5 0.187 
667 0.164 

666.5 0.193 
666 0.291 

665.5 0.373 
665 0.201 

664.5 0.346 
664 0.275 

663.5 0.109 
663 0.31 

662.5 0.149 
662 0.244 

661.5 0.207 
661 0.162 

660.5 0.119 
659.5 0.156 

659 0.262 
658.5 0.126 

658 0.172 
657.5 0.399 

657 0.179 
656 0.205 

655.5 0.223 

655 0.177 
654.5 0.227 

654 0.223 
653.5 0.267 

653 0.307 
652.5 0.227 

652 0.211 
651.5 0.379 

651 0.228 
650.5 0.242 

650 0.227 
649.5 0.175 

649 0.331 
648.5 0.29 
646.5 0.343 
645.5 0.336 

645 0.274 
644.5 0.261 

644 0.256 
643 0.276 

642.5 0.196 
642 0.16 

641.5 0.235 
641 0.203 

640.5 0.205 
640 0.229 

639.5 0.236 
639 0.251 

638.5 0.362 
638 0.208 

637.5 0.206 
637 0.192 

636.5 0.172 
636 0.196 

635.5 0.084 
635 0.206 

634.5 0.253 
633.5 0.13 

633 0.154 
632.5 0.235 

632 0.188 
631.5 0.247 

631 0.268 

630.5 0.365 
630 0.244 

629.5 0.213 
629 0.211 

628.5 0.208 
628 0.162 
624 0.233 

623.5 0.137 
622.5 0.165 

622 0.143 
621.5 0.204 

621 0.234 
620.5 0.236 

620 0.253 
619 0.26 

618.5 0.277 
618 0.257 

617.5 0.144 
617 0.3 

616.5 0.248 
616 0.206 

615.5 0.095 
615 0.097 

614.5 0.218 
614 0.131 

613.5 0.216 
613 0.351 

612.5 0.193 
612 0.217 

611.5 0.335 
611 0.346 

610.5 0.252 
610 0.295 

609.5 0.267 
609 0.259 

608.5 0.18 
608 0.246 

607.5 0.243 
607 0.224 

606.5 0.295 
606 0.343 

605.5 0.332 
605 0.217 
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604.5 0.188 
604 0.275 

603.5 0.215 
603 0.29 

602.5 0.254 
602 0.22 

601.5 0.285 
601 0.263 

600.5 0.296 
600 0.37 

599.5 0.238 
599 0.221 

598.5 0.283 
598 0.199 

597.5 0.255 
597 0.175 

596.5 0.298 
595.5 0.195 

595 0.302 
594.5 0.318 

594 0.17 
593 0.225 

592.5 0.233 
592 0.284 

591.5 0.249 
591 0.206 

590.5 0.274 
590 0.26 

589.5 0.247 
589 0.189 
587 0.093 

586.5 0.188 
586 0.335 

585.5 0.327 
585 0.21 

584.5 0.168 
584 0.199 

583.5 0.216 
583 0.333 

582.5 0.406 
582 0.128 
578 0.197 

577.5 0.282 

577 0.202 
576.5 0.279 

576 0.221 
575.5 0.221 

575 0.135 
574.5 0.317 

574 0.251 
573.5 0.206 

573 0.22 
572.5 0.21 
571.5 0.238 

571 0.276 
570.5 0.214 

570 0.215 
569 0.185 

568.5 0.343 
568 0.308 

567.5 0.217 
567 0.286 

566.5 0.23 
566 0.181 

565.5 0.222 
565 0.219 

564.5 0.121 
564 0.149 

563.5 0.17 
563 0.172 

562.5 0.246 
562 0.195 

561.5 0.26 
561 0.33 

560.5 0.306 
560 0.207 

559.5 0.222 
559 0.207 

558.5 0.237 
558 0.22 

557.5 0.19 
557 0.137 

556.5 0.238 
556 0.102 

555.5 0.277 
555 0.234 

554.5 0.177 
554 0.152 

553.5 0.149 
553 0.222 

552.5 0.208 
552 0.25 

551.5 0.2 
551 0.551 

550.5 0.304 
550 0.3 

549.5 0.185 
549 0.251 

548.5 0.181 
548 0.276 

547.5 0.336 
547 0.169 

546.5 0.248 
546 0.374 

545.5 0.242 
545 0.135 

544.5 0.177 
544 0.102 

543.5 0.137 
543 0.3 

542.5 0.257 
542 0.281 

541.5 0.316 
541 0.158 

540.5 0.168 
540 0.236 

539.5 0.208 
539 0.106 

538.5 0.199 
538 0.148 

537.5 0.18 
537 0.257 

536.5 0.298 
536 0.23 

535.5 0.167 
534.5 0.12 

534 0.309 
533.5 0.166 

533 0.179 
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532.5 0.262 
532 0.243 

531.5 0.21 
531 0.236 

530.5 0.272 
530 0.244 

529.5 0.221 
529 0.189 

528.5 0.292 
528 0.284 

527.5 0.14 
527 0.181 

526.5 0.293 
526 0.162 

525.5 0.111 
525 0.118 

524.5 0.263 
524 0.251 

523.5 0.298 
523 0.188 

522.5 0.193 
522 0.233 

521.5 0.254 
521 0.133 
516 0.255 
515 0.154 

514.5 0.21 
514 0.296 

513.5 0.13 
513 0.192 

512.5 0.244 
512 0.172 

511.5 0.188 
511 0.165 

510.5 0.195 
510 0.204 

509.5 0.102 
509 0.235 

508.5 0.225 
508 0.231 

507.5 0.196 
507 0.238 

506.5 0.238 

506 0.343 
505 0.339 

504.5 0.17 
504 0.2 

503.5 0.33 
503 0.12 

502.5 0.121 
502 0.142 
501 0.147 

500.5 0.135 
500 0.194 

499.5 0.179 
499 0.22 

498.5 0.183 
498 0.167 

497.5 0.158 
497 0.234 

496.5 0.24 
496 0.215 

495.5 0.26 
495 0.315 

494.5 0.285 
494 0.253 

493.5 0.149 
493 0.196 

492.5 0.202 
492 0.176 

491.5 0.17 
491 0.207 

490.5 0.152 
490 0.228 

489.5 0.201 
489 0.252 

488.5 0.202 
488 0.161 

487.5 0.213 
487 0.112 

486.5 0.184 
486 0.246 

485.5 0.296 
485 0.314 

484.5 0.282 
484 0.14 

483.5 0.257 
483 0.276 

482.5 0.238 
482 0.27 

481.5 0.274 
481 0.197 

480.5 0.14 
480 0.273 

479.5 0.29 
479 0.168 

478.5 0.215 
478 0.254 

477.5 0.191 
477 0.212 

476.5 0.311 
476 0.254 

475.5 0.293 
475 0.308 

474.5 0.206 
474 0.268 

473.5 0.247 
473 0.209 

472.5 0.236 
472 0.289 

471.5 0.214 
471 0.28 

470.5 0.185 
470 0.295 

469.5 0.274 
469 0.246 

468.5 0.183 
468 0.272 

467.5 0.318 
467 0.313 

466.5 0.397 
466 0.403 

465.5 0.387 
465 0.5 

464.5 0.332 
464 0.606 

463.5 0.951 
463 0.717 

462.5 0.573 
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462 0.139 
461.5 0.433 
459.5 0.572 

459 0.649 
458.5 0.296 

458 0.507 
457.5 0.517 

457 0.473 
456.5 0.471 

456 0.517 
455.5 0.404 

455 0.478 
454.5 0.525 

454 0.673 
453.5 0.476 

453 0.351 
452.5 0.29 

452 0.32 
450.5 0.627 

450 0.49 
448.5 0.532 

448 0.482 
447.5 0.449 

447 0.577 
446.5 0.663 

446 0.486 
445.5 0.306 

445 0.17 
444.5 0.588 

444 0.368 
443.5 0.69 

443 0.504 
442.5 0.529 

442 0.487 
441.5 0.662 

441 0.442 
440.5 0.332 

440 0.498 
439.5 0.615 

439 0.54 
438.5 0.293 

438 0.478 
437.5 0.556 

437 0.186 
436.5 0.628 

436 0.635 
435.5 0.353 

435 0.354 
434.5 0.536 

434 0.487 
433.5 0.575 

433 0.521 
432.5 0.298 

432 0.437 
431.5 0.218 

431 0.343 
430.5 0.33 

430 0.618 
429.5 0.464 

429 0.43 
428.5 0.337 

428 0.39 
425 0.472 
424 0.317 

423.5 0.478 
423 0.295 

422.5 0.47 
422 0.331 

421.5 0.428 
421 0.149 

420.5 0.222 
420 0.159 

419.5 0.356 
419 0.186 

418.5 0.273 
418 0.264 

417.5 0.307 
417 0.114 

416.5 0.12 
416 0.191 

415.5 0.276 
415 0.493 

414.5 0.425 
414 0.192 

413.5 0.59 
413 0.307 

412.5 0.31 
412 0.344 

411.5 0.255 
411 0.534 

410.5 0.161 
410 0.563 

409.5 0.245 
409 0.336 

408.5 0.24 
408 0.365 

407.5 0.592 
407 0.319 

406.5 0.152 
406 0.35 

405.5 0.329 
405 0.252 

404.5 0.114 
404 0.155 

403.5 0.317 
403 0.278 

402.5 0.162 
402 0.248 

401.5 0.285 
401 0.141 

400.5 0.132 
400 0.315 

399.5 0.474 
399 0.217 

398.5 0.452 
398 0.196 

397.5 0.197 
397 0.191 

396.5 0.359 
396 0.22 

395.5 0.237 
395 0.235 

394.5 0.2 
394 0.236 

393.5 0.211 
393 0.185 

392.5 0.291 
392 0.164 

391.5 0.257 
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391 0.258 
390.5 0.505 

390 0.282 
389.5 0.377 

389 0.277 
388.5 0.429 

388 0.256 
387.5 0.201 

387 0.353 
386.5 0.413 

386 0.324 
385.5 0.107 

385 0.229 
384.5 0.307 

384 0.264 
383.5 0.279 

383 0.153 
382.5 0.297 

382 0.383 
381.5 0.347 

381 0.278 
380.5 0.322 

380 0.266 
379.5 0.377 

379 0.196 
378.5 0.307 

378 0.331 
377.5 0.12 

377 0.284 
376.5 0.378 

376 0.461 
375.5 0.341 

375 0.468 
374.5 0.273 

374 0.267 
373.5 0.344 

373 0.242 
372.5 0.419 

372 0.225 
371.5 0.348 

371 0.329 
370.5 0.373 

370 0.295 

369.5 0.141 
369 0.381 

368.5 0.138 
368 0.389 

367.5 0.245 
367 0.249 

366.5 0.142 
366 0.442 

365.5 0.365 
365 0.466 

364.5 0.359 
364 0.327 

363.5 0.464 
363 0.361 

362.5 0.397 
362 0.253 

361.5 0.251 
361 0.156 

360.5 0.103 
360 0.493 

359.5 0.318 
359 0.325 

358.5 0.346 
358 0.309 

357.5 0.347 
357 0.172 

356.5 0.441 
356 0.273 

355.5 0.318 
355 0.308 

354.5 0.308 
354 0.428 

353.5 0.27 
353 0.335 

352.5 0.41 
352 0.13 

351.5 0.289 
351 0.119 

350.5 0.428 
350 0.369 

349.5 0.233 
349 0.311 

348.5 0.23 

348 0.189 
347.5 0.274 

347 0.401 
346.5 0.238 

346 0.194 
345.5 0.309 

345 0.243 
344.5 0.181 

344 0.314 
343.5 0.253 

343 0.319 
342.5 0.329 

342 0.46 
341.5 0.201 

341 0.281 
340.5 0.295 

340 0.413 
339.5 0.506 

339 0.344 
338.5 0.462 

338 0.531 
337.5 0.288 

337 0.356 
336.5 0.653 

336 0.574 
335.5 0.588 

335 0.243 
334.5 0.417 

334 0.509 
333.5 0.468 

333 0.333 
332.5 0.488 

332 0.317 
331.5 0.392 

331 0.284 
330.5 0.286 

330 0.422 
329.5 0.471 

329 0.54 
328.5 0.324 

328 0.323 
327.5 0.419 

327 0.478 
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326.5 0.331 
326 0.359 

325.5 0.321 
325 0.328 

324.5 0.273 
324 0.357 

323.5 0.378 
323 0.407 

322.5 0.39 
322 0.355 

321.5 0.368 
321 0.333 

320.5 0.305 
320 0.362 

319.5 0.257 
319 0.315 

318.5 0.482 
318 0.408 

317.5 0.34 
317 0.348 

316.5 0.415 
316 0.453 

315.5 0.301 
315 0.306 

314.5 0.313 
314 0.36 

313.5 0.387 
313 0.382 

312.5 0.394 
312 0.315 

311.5 0.302 
311 0.32 

310.5 0.324 
310 0.354 

309.5 0.33 
309 0.317 

308.5 0.308 
308 0.298 

307.5 0.471 
307 0.413 

306.5 0.316 
306 0.214 

305.5 0.259 

305 0.328 
304.5 0.301 

304 0.298 
303.5 0.281 

303 0.335 
302.5 0.25 

302 0.366 
301.5 0.386 

301 0.341 
300.5 0.284 

300 0.257 
299.5 0.301 

299 0.343 
298.5 0.338 

298 0.31 
297.5 0.329 

297 0.324 
296.5 0.306 

296 0.392 
295.5 0.264 

295 0.292 
294.5 0.296 

294 0.392 
293.5 0.333 

293 0.43 
292.5 0.289 

292 0.305 
291.5 0.315 

291 0.378 
290.5 0.216 

290 0.354 
289.5 0.519 

289 0.267 
288.5 0.334 

288 0.339 
287.5 0.441 

287 0.209 
286.5 0.357 

286 0.255 
285.5 0.189 

285 0.393 
284.5 0.246 

284 0.439 

283.5 0.405 
283 0.459 

282.5 0.335 
282 0.24 

281.5 0.306 
281 0.326 

280.5 0.318 
280 0.356 

279.5 0.211 
279 0.226 

278.5 0.298 
278 0.423 

277.5 0.283 
277 0.532 

276.5 0.35 
276 0.454 

275.5 0.409 
275 0.294 

274.5 0.588 
274 0.202 

273.5 0.505 
273 0.284 

272.5 0.27 
272 0.433 

271.5 0.314 
271 0.366 

270.5 0.437 
270 0.528 

269.5 0.297 
269 0.26 

268.5 0.534 
268 0.575 

267.5 0.474 
267 0.419 

266.5 0.269 
266 0.522 

265.5 0.424 
265 0.506 

264.5 0.355 
264 0.567 

263.5 0.55 
263 0.5 

262.5 0.424 
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262 0.513 
261.5 0.596 

261 0.289 
260.5 0.444 

260 0.613 
259.5 0.362 

259 0.574 
258.5 0.492 

258 0.387 
257.5 0.288 

257 0.313 
256.5 0.516 

256 0.403 
255.5 0.492 

255 0.391 
254.5 0.321 

254 0.468 
253.5 0.432 

253 0.469 
252 0.274 

251.5 0.668 
251 0.406 

250.5 0.309 
250 0.477 

249.5 0.386 
249 0.56 

248.5 0.364 
248 0.388 

247.5 0.202 
247 0.346 

246.5 0.512 
246 0.358 

245.5 0.347 
245 0.343 

244.5 0.263 
244 0.34 

243.5 0.282 
243 0.447 

242.5 0.276 
242 0.397 

241.5 0.342 
241 0.493 

240.5 0.411 

240 0.299 
239.5 0.358 

239 0.327 
238.5 0.279 

238 0.489 
237.5 0.402 

237 0.303 
236.5 0.251 

236 0.302 
235.5 0.235 

235 0.309 
234.5 0.291 

234 0.269 
233.5 0.315 

233 0.397 
232.5 0.288 

232 0.305 
231.5 0.231 

231 0.127 
230.5 0.136 

230 0.16 
229.5 0.13 

229 0.124 
228.5 0.203 

228 0.21 
227.5 0.288 

227 0.337 
226.5 0.318 

226 0.31 
225.5 0.261 

225 0.266 
224.5 0.237 

224 0.182 
223.5 0.208 

223 0.194 
222.5 0.105 

222 0.269 
221.5 0.318 

221 0.241 
220.5 0.214 

220 0.235 
219.5 0.31 

219 0.191 

218.5 0.23 
218 0.287 

217.5 0.285 
217 0.197 

216.5 0.151 
216 0.298 

215.5 0.239 
215 0.279 

214.5 0.318 
214 0.241 

213.5 0.197 
213 0.253 

212.5 0.248 
212 0.308 

211.5 0.246 
211 0.268 

210.5 0.107 
210 0.291 

209.5 0.314 
209 0.312 

208.5 0.234 
208 0.186 

207.5 0.273 
207 0.289 

206.5 0.313 
206 0.32 

205.5 0.321 
205 0.306 

204.5 0.235 
204 0.232 

203.5 0.288 
203 0.233 

202.5 0.363 
202 0.194 

201.5 0.277 
201 0.284 

200.5 0.284 
200 0.378 

199.5 0.255 
199 0.189 

198.5 0.205 
198 0.265 

197.5 0.204 
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197 0.283 
196.5 0.238 

196 0.234 
195.5 0.324 

195 0.306 
194.5 0.196 

194 0.224 
193.5 0.259 

193 0.237 
192.5 0.166 

192 0.293 
191.5 0.299 

191 0.205 
190.5 0.295 

190 0.333 
189.5 0.311 

189 0.196 
188.5 0.309 

188 0.257 
187.5 0.302 

187 0.185 
186.5 0.31 

186 0.31 
185.5 0.308 

185 0.381 
184.5 0.399 

184 0.418 
183.5 0.282 

183 0.395 
182.5 0.254 

182 0.35 
181.5 0.398 

181 0.298 
180.5 0.303 

180 0.326 
179.5 0.288 

179 0.465 
178.5 0.426 

178 0.398 
177 0.429 

176.5 0.24 
176 0.41 

175.5 0.476 

175 0.164 
174.5 0.551 

174 0.445 
173.5 0.478 

173 0.409 
172 0.489 
171 0.477 
170 0.318 
169 0.454 
168 0.27 
167 0.221 
166 0.232 
165 0.299 
164 0.434 
163 0.396 
162 0.475 
161 0.316 
160 0.264 
159 0.41 
158 0.33 
157 0.421 
156 0.258 
155 0.442 
154 0.333 
153 0.352 
152 0.429 
151 0.303 
150 0.44 
149 0.453 
148 0.4 
147 0.439 
146 0.308 
145 0.302 
144 0.338 
143 0.463 
142 0.389 
141 0.415 
140 0.293 
139 0.359 
138 0.263 
137 0.592 
136 0.454 
135 0.59 

134 0.536 
133 0.385 
132 0.169 

131.5 0.138 
131 0.151 

130.5 0.352 
130 0.224 

129.5 0.212 
129 0.162 

128.5 0.163 
128 0.159 

127.5 0.166 
127 0.174 

126.5 0.185 
126 0.326 

125.5 0.263 
125 0.155 

124.5 0.155 
124 0.225 

123.5 0.16 
123 0.255 

122.5 0.17 
122 0.179 
121 0.197 

120.5 0.142 
120 0.15 

119.5 0.18 
119 0.207 

118.5 0.142 
118 0.143 

117.5 0.184 
117 0.261 

116.5 0.161 
116 0.185 

115.5 0.208 
115 0.123 

114.5 0.167 
114 0.338 

113.5 0.31 
113 0.354 

112.5 0.151 
112 0.16 

111.5 0.124 
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111 0.257 
110.5 0.11 

110 0.209 
109.5 0.208 

109 0.234 
108.5 0.287 
107.5 0.183 

107 0.197 
106.5 0.202 

106 0.241 
105.5 0.193 

105 0.125 
104.5 0.149 

104 0.217 
103.5 0.249 

103 0.121 
102.5 0.264 

102 0.177 
101.5 0.29 

101 0.249 
100.5 0.227 

100 0.19 
99.5 0.165 

99 0.243 
98.5 0.143 

98 0.281 
97.5 0.271 

97 0.224 
96.5 0.264 

96 0.225 
95.5 0.231 

95 0.193 
94.5 0.2 

94 0.245 
93.5 0.361 

93 0.181 
92.5 0.239 

92 0.216 
91.5 0.284 

91 0.277 
90.5 0.285 

90 0.344 
89.5 0.374 

89 0.343 
88.5 0.226 

88 0.207 
87.5 0.312 

87 0.271 
86.5 0.261 

86 0.188 
85.5 0.25 

85 0.275 
84.5 0.259 

84 0.258 
83 0.224 

82.5 0.186 
82 0.279 

81.5 0.139 
81 0.292 

80.5 0.25 
80 0.24 

79.5 0.219 
79 0.219 

78.5 0.127 
78 0.232 

77.5 0.231 
77 0.154 

76.5 0.251 
76 0.241 

75.5 0.241 
75 0.284 

74.5 0.221 
74 0.246 

73.5 0.209 
73 0.203 

72.5 0.171 
72 0.159 

71.5 0.17 
71 0.229 

70.5 0.263 
70 0.244 

69.5 0.276 
69 0.233 

68.5 0.242 
68 0.202 

67.5 0.191 

67 0.214 
66.5 0.102 

66 0.23 
65.5 0.188 

65 0.237 
64.5 0.216 

64 0.252 
63.5 0.224 

63 0.175 
62.5 0.204 

62 0.394 
61.5 0.238 

61 0.272 
60.5 0.189 

60 0.207 
59.5 0.315 

59 0.155 
58.5 0.22 

58 0.322 
57.5 0.295 

57 0.183 
56.5 0.23 

56 0.178 
55.5 0.19 

55 0.15 
54.5 0.208 

54 0.218 
53.5 0.17 

53 0.203 
52.5 0.15 

52 0.128 
51.5 0.143 

51 0.184 
50.5 0.277 

50 0.188 
49.5 0.269 

49 0.222 
48.5 0.252 

48 0.254 
47.5 0.347 

47 0.232 
46.5 0.323 

46 0.171 
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45.5 0.251 
45 0.338 

44.5 0.17 
44 0.233 

43.5 0.335 
43 0.27 

42.5 0.259 
42 0.275 

41.5 0.272 
41 0.264 

40.5 0.197 
40 0.279 

39.5 0.305 
39 0.359 

38.5 0.267 
38 0.165 

37.5 0.294 
37 0.351 

36.5 0.177 
36 0.275 

35.5 0.231 
35 0.275 

34.5 0.304 
34 0.208 

33.5 0.153 
33 0.207 

32.5 0.104 
32 0.255 

31.5 0.23 
31 0.219 

30.5 0.246 

30 0.149 
29.5 0.198 

29 0.224 
28.5 0.21 

28 0.228 
27.5 0.142 

27 0.176 
26.5 0.22 

26 0.174 
25.5 0.269 

25 0.238 
24.5 0.248 

24 0.242 
23.5 0.262 

23 0.154 
22.5 0.143 

22 0.154 
21.5 0.216 

21 0.102 
20.5 0.267 

20 0.134 
19.5 0.181 

19 0.199 
18.5 0.182 

18 0.251 
17.5 0.187 

17 0.184 
16.5 0.295 

16 0.17 
15.5 0.261 

15 0.188 

14.5 0.188 
14 0.205 

13.5 0.197 
13 0.176 

12.5 0.372 
12 0.203 

11.5 0.173 
11 0.233 

10.5 0.299 
10 0.29 
9.5 0.161 

9 0.174 
8.5 0.242 

8 0.248 
7.5 0.475 

7 0.173 
6.5 0.192 

6 0.188 
5.5 0.322 

5 0.161 
4.5 0.127 

4 0.156 
3.5 0.177 

3 0.137 
2.5 0.101 

2 0.174 
1.5 0.229 

1 0.191 
0.5 0.251 

0 0.227 
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Raw Rock Magnetic Data  
 
Ranch section (every 5m with extra at paleosol, 0-80 m) – Acquired May 2019 
  m χlf χhf χfd or DeltaMS 
 LBTR0000 0 20.0351007 18.6680214 1.36707925 
 LBTR0005 5 23.1252275 21.5507827 1.57444485 
 LBTR0010 10 21.4427133 19.8588276 1.58388568 
 LBTR0011_1Base 11 20.5746159 19.1433382 1.43127763 
 LBTR0011_2 11 17.3709798 16.2584144 1.11256545 
 LBTR0011_3 11 18.6017478 17.3725151 1.22923269 
 LBTR0011_4Top 11 12.4577895 11.6729032 0.78488637 
 LBTR0020 20 18.829932 17.4240363 1.40589569 
 LBTR0025 25 23.1870584 21.2718483 1.91521012 
 LBTR0030 30 23.3011546 21.5407912 1.76036343 
 LBTR0031 31 15.2790036 14.4748455 0.80415809 
 LBTR0035 35 21.8446602 20.1456311 1.69902913 
 LBTR0040 40 19.5770616 18.2842368 1.29282482 
 LBTR0045 45 26.9913987 24.9532536 2.0381451 
 LBTR0050 50 23.7405598 21.8924922 1.84806753 
 LBTR0055 55 13.4438134 12.5407318 0.90308165 
 LBTR0060 60 20.869734 19.2098622 1.65987187 
 LBTR0065 65 13.0892449 12.2745995 0.81464531 
 LBTR0070 70 23.9134507 22.1056575 1.80779318 
 LBTR0075 75 20.3955501 18.9407626 1.45478749 
 LBTR0080 80 21.8713105 20.4053522 1.46595828 

 
 
Ranch section (every 30 cm, detailed section around paleosol, 10 m total) – Acquired Jan 2020 

m χlf χhf χfd or DeltaMS 
0 27.15411559 24.7285464 2.42556918 

0.3 24.46180556 22.3611111 2.10069444 
0.6 23.34519573 21.4768683 1.8683274 
0.9 24.36920223 22.2912801 2.07792208 
1.2 21.704947 19.9911661 1.71378092 
1.5 21.77405119 20.0794351 1.69461606 
1.8 20.78301887 19.2641509 1.51886792 
2.1 22.13452915 20.4484305 1.68609865 
2.4 14.22018349 13.4954128 0.72477064 
2.7 18.30948122 17.1645796 1.14490161 

3 13.18024263 12.4350087 0.74523397 
3.3 20.55833333 19.1583333 1.4 
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3.6 18.83968113 17.404783 1.43489814 
3.9 18.91418564 17.5394046 1.37478109 
4.2 22.24888889 20.4711111 1.77777778 
4.5 20.01774623 18.6779059 1.33984028 
4.8       
5.1 22.6367713 20.8071749 1.82959641 
5.4       
5.7 23.0477908 21.1091073 1.9386835 
5.9 22.27436823 20.4241877 1.85018051 

6 21.79785331 20.1610018 1.63685152 
6.3 20.81128748 19.3474427 1.4638448 
6.6 22.94602013 21.2259835 1.7200366 
6.9 19.96363636 18.5090909 1.45454545 
7.2 24.3175736 22.4085638 1.90900981 
7.5 18.37251356 17.079566 1.29294756 
7.8 20.22317597 18.806867 1.41630901 
8.1 17.91248861 16.74567 1.1668186 
8.4 19.55017301 18.2698962 1.28027682 
8.7       

9 13.79106992 13.1086773 0.68239259 
9.3 13.24253076 12.6186292 0.62390158 
9.6 14.61005199 13.8388215 0.7712305 
9.9 15.88709677 14.9731183 0.91397849 

10.2 14.7277677 13.9019964 0.82577132 
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SUPPLEMENTAL MATERIALS 
Chapter III 

 
 

Appendix I: Methods (expanded)   
 
Mud (mode 52-60 µm; Appendix II) was collected from modern lake sediment (Oklahoma) and 
frozen at -15°C overnight. After preliminary tests of the impact of sediment depth (1-10 mm in 
90 mm and 48 mm-diameter petri dishes), and sediment homogeneity (sieved vs. un-sieved), all 
experiments were set up with pre-sieved (< 850 µm) sediment ~1-10 mm deep (sediment depths 
did not impact morphology). Experimental variables in this study included (1) solution 
chemistry: distilled water + NaCl (0%, 0.1%, 0.5%, 1%), and (2) sediment saturation: saturated 
vs. supersaturated. Saturation was achieved by addition of solution to sediment until pore spaces 
were full; supersaturation describes saturation plus pooling (≤ 1.5 mm films) of solution above 
the sediment. Models with dilute NaCl solutions were performed to test the effect of the presence 
of salts on morphology. We did not simulate growth of evaporitic minerals (e.g. calcium sulfates 
like gypsum) in sediment due to their moderate-to-low solubility, the time required to grow well-
formed crystals (up to a year), uncertainty around paleoclimate-specific variables (e.g. 
availability of organics, sediment composition), and because this has already been well-
documented (e.g. Cody and Cody, 1988; Magee, 1991). Grain size, temperature, and time were 
held constant in all experiments. 
 
Appendix II: Grain size    
 

 
Figure showing the grain size distribution of mud used for laboratory simulation of ice crystal 
growth after being sieved to <850 µm (blue) and grain size distribution of disaggregated Usclas 
Formation mudstone (black). 
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Appendix III: Variscan Paleoaltitude (expanded)    
  
Mean Variscan paleoaltitude estimations determined using various indirect methods range from 
5000 m to 2000 m (Becq-Giraudon et al., 1996; Fluteau et al. 2001; Roscher and Schneider, 
2006; Goddéris et al. 2017). This discrepancy is mostly due to the time period considered. From 
300 - 260 Ma, continental extension resulted in substantial thinning of thick Variscan crust, 
initiating the reduction in Variscan belt elevation (e.g. Becq-Giraudon and Van Den Driessche, 
1994). In the southern French Massif central, high temperature, low pressure metamorphism 
developed between 320- 300 Ma (e.g. Roger et al. 2015; Poujol et al., 2017), with retrograde P-T 
conditions 0.4 Gpa and 700°C at 308 Ma (e.g. Rabin et al. 2015). The current crustal thickness 
here (30 km) is entirely Variscan-age (no major tectonic event could have affected its thickness 
since). Therefore, the crustal thickness in the Montagne Noire area at 300 Ma was ~45 km, 
corresponding to an elevation of 2500 m (assuming a ratio of 1/6 for isostatic compensation of 
thickening; e.g. Molnar and England, 1990). According to Pfeifer et al. (2018), ~15 km of 
overburden was removed by 285 Ma, reducing the crust to 30 km-thick and implying a mean 
elevation near sea level. However, drainage during the Upper Carboniferous and the Permian 
was internal (e.g. Pochat and Van Den Driessche, 2011) and erosion products were trapped in 
intramontane basins, so crustal thinning was mainly achieved by lithosphere extension.  
Concomitant mantle thinning induced the increase of both heat flow and lithosphere buoyancy, 
and finally surface uplift. Thus, removal of the 15 km overburden did not result in a lowering of 
elevation to sea level, but likely a buoyancy-sustained mean elevation around 1000 m. In 
summary, the mean elevation of the Variscan Mountains was reduced by ~1500 m from 308 Ma 
to 285 Ma. Around 295 Ma it did not exceed 1650 m (assuming persistent lowering through time 
during extension) or perhaps was much less than 1650 m (assuming exponential subsidence 
during gravity collapse extension; e.g. Sonder et al., 1987). This implies that the Usclas 
Formation (295-290 Ma) was deposited at moderate-low elevation (< 1650 m) in a basin 
surrounded by ranges > 1650 m. Similarities in facies and flora/fauna across the uppermost 
Carboniferous and the Permian basins in the Variscan domain indicate consistencies in climatic 
conditions and elevation throughout the Variscan chain. 
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SUPPLEMENTAL MATERIALS 
Chapter IV 

 
I. Survey Instruments: Self-efficacy survey (pre-to-post, self-rated) and Attitudinal survey. 
Also includes prompt for informal weekly reflection journaling (“formative personal 
reflections”). 
 
Symbol/code: _____ 
 
Student self-rated Pre-Assessment  
Please draw a symbol or code at the top so that I can match this with your post-test (this is 
anonymous). We do not expect you to already know ANY of these things and the end goal is not 
for you to become an expert, this is simply to collect data that measures improvements in your 
ability and confidence while making interpretations and decisions in the field, and also to track 
how well we are doing at addressing the objectives of the program. Please rate your 
understanding/competency of each skill or concept by choosing one of the three options. 
 
1. Defining what a sedimentary basin is and why we might be interested in studying one.   

__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

2. Understanding of what the continents looked like 250 million years ago. 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

3. Understanding of global icehouse vs. greenhouse paleoclimate conditions.  
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 

 
4. Ability to use a Jacob’s staff to measure and record a stratigraphic section. 

__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
  

5. Ability to thoroughly describe and identify sedimentary rocks in outcrop (grain size, bedding, 
mineralogy, etc.) 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

6. Ability to identify sedimentary structures in outcrop and hypothesize about their formation. 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
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7. Understanding several sediment transport mechanisms and the associated characteristics of 
“representative” deposits that you might expect to identify in outcrop. 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

8. Ability to hypothesize about sediment transport mechanisms and paleoenvironmental 
conditions during deposition based on a variety of outcrop observations.   
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

9. Confidence in formulating several scientific hypotheses based on your observations when 
there is no right answer (uncertainty!)     
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

10. Confidence in developing a methodical scientific approach to testing your hypotheses.   
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

11. Ability to integrate multiple datasets to make well-supported interpretations and conclusions. 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

12. Conducting independent geological fieldwork. 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 

 
13. I have taken (select all that apply): 

__ Sed/strat  
__ Field  
__ Structure 
__ Paleoclimate  
__ Undergrad research 

 
14. Please briefly describe your experience in conducting research so far (OK if you say NONE!) 
 
 
 
15. Please briefly describe your experience in conducting FIELD research (OK if you say NONE!) 
 
 
 
16. What are your goals in participating in this program? 
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17. What are your career goals? (Grad school? Industry? Academia?) It’s ok to not know! 
 
 
 
18. What do you like about science (e.g. fieldwork/research/sedimentology/paleoclimate) and 

how would you rate your ability to think scientifically/work independent research projects?   
 

 
 
19. Please rate the likelihood that you will apply for/attend graduate school with 5 being most-

certainly, and 1 being certainly not:    
 

1   2     3       4       5 
 
20. What were the important factors in your decision to participate in this program? 
 
 
 

__________________ 
 
 
 
Symbol/code: _____ 
 
Student Self-Rated Post-Assessment  
Please draw a symbol or code at the top so that I can match this with your pre-test (this is 
anonymous). We STILL do not expect you to be experts at any of these things, so just answer in 
a way that allows us to accurately measure improvements in your ability and confidence while 
making interpretations and decisions in the field, and also to track how well we are doing at 
addressing the objectives of the program. Please rate your understanding/competency of each 
skill or concept by choosing one of the three options. 
 
1. Defining what a sedimentary basin is and why we might be interested in studying one.   

__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

2. Understanding of what the continents looked like 250 million years ago. 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

3. Understanding of global icehouse vs. greenhouse paleoclimate conditions.  
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
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4. Ability to use a Jacob’s staff to measure and record a stratigraphic section. 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
  

5. Ability to thoroughly describe and identify sedimentary rocks in outcrop (grain size, bedding, 
mineralogy, etc.) 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

6. Ability to identify sedimentary structures in outcrop and hypothesize about their formation. 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

7. Understanding several sediment transport mechanisms and the associated characteristics of 
“representative” deposits that you might expect to identify in outcrop. 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

8. Ability to hypothesize about sediment transport mechanisms and paleoenvironmental 
conditions during deposition based on a variety of outcrop observations.   
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

9. Confidence in formulating several scientific hypotheses based on your observations when 
there is no right answer (uncertainty!)     
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

10. Confidence in developing a methodical scientific approach to testing your hypotheses.   
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

11. Ability to integrate multiple datasets to make well-supported interpretations and conclusions. 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
 

12. Conducting independent geological fieldwork. 
__ Yes, I understand this sufficiently so that I can do or explain this independently.  
__ I can follow this in class or when I have an example but am confused when I work on my own. 
__ I recognize what this is referring to, but I don’t understand/know how to do it. 
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13. Would you recommend this program to other students? 
 
 
 
14. Were your goals (for participating in this program) accomplished?   
 
 
 
15. Are there courses or experiences that you wish you had before starting this project? 
 
 
 
16. Are there specific courses or other projects you plan in the near future as a result of your 

project?  
 
 
 
17. What do you like about science (e.g. fieldwork/research/sedimentology/paleoclimate) and 

how would you rate your ability to think scientifically/work independent research projects?   
 

 
 
18. How has your participation in this program affected your future career plans or interests? 

 
 
 
 
19. Please rate the likelihood that you will apply for/attend graduate school with 5 being most-

certainly, and 1 being certainly not:    
 

1   2     3       4       5 
 
 

__________________ 
 
 
 
 
Attitudinal survey - IRES Program Evaluation    
Please answer each item with a numerical rating using the following scale. 
   

Rating  Satisfaction Scale  Quality Scale  
3 Very Satisfied  Excellent  
2  Satisfied  Very Good  
1 Neutral  Average  
0 Dissatisfied  Below Average 
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1. This international REU program was well organized as a whole. 

 
 0 1 2 3   
 

2. The international component(s) of the program added value to the underlying scientific 
experience.  
 

 0 1 2 3 
 
3. I would recommend this program to others. 

 
 0 1 2 3 
 

4. I would recommend my mentor(s) for future projects.  
 
 0 1 2 3 
 

5. The value of your project to your future graduate school or professional career   
 

 0 1 2 3 
 
6. Information presented during orientation (workbooks, evening lecture series)  

 
 0 1 2 3 
 

7. The program in providing a broader view of what geoscience is  
 
 0 1 2 3 
 

8. The program in providing you with skillsets that make you more confident in field 
 

0 1 2 3 
 
9. The program in helping you understand uncertainty and interpretation in science 
 

 0 1 2 3 
 

10. Your acceptance into the research group as a contributing member  
 
 0 1 2 3 
 
 

 
 
 



 134 

Formative Personal Reflections 
 
The purpose is to encourage self-reflection, career development conversations, and/or to discuss 
the cultural immersion aspect of this research project. We will ask you to do weekly personal 
reflections at different points throughout the trip and when we gather you will have the option to 
share your perspective, thoughts, and/or concerns so that we can make sure we are using our time 
to be effective mentors. 
  
Example questions 
• What are you enjoying/not enjoying?  
• What skills are you good at/where do you tend to lead? Where could you improve? What 

have you improved on this week?  
• How do you anticipate that this experience could impact your future?  
• What impact does this have on you professionally, personally, culturally?  
• Do you feel inspired to pursue a career in STEM?  
• Do you feel inspired by the international collaboration? 
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II. Survey Instruments: The cultural context inventory survey (Halverson, 1993). 

 
This tool is brought to you by the Al Siebert Resiliency Center. 

 For more information, see ResiliencyCenter.com

Resiliency Tools presented by

Cultural-Context Inventory
 Developed by Claire B. Halverson, PhD

For each of the following twenty statements circle 1 (strongly disagree) to 5 (strongly agree) to indicate your tendencies and  
preferences in a work situation.

                 Disagree                Agree

 1. When communicating, I tend to use a lot of facial expressions, hand gestures, and body  
movements rather than to rely mostly on words. 1 2 3 4 5

 2. I pay more attention to the context of a conversation-who said what and under what  
circumstances-than I do to the words. 1 2 3 4 5

 3. When communicating, I tend to spell things out quickly and directly rather than talk  
around and add to the point. 1 2 3 4 5

 4. In an interpersonal disagreement, I tend to be more emotional than logical and rational. 1 2 3 4 5

 5. I tend to have a small, close circle of friends rather than a large, but less close, circle of friends. 1 2 3 4 5

 6. When working with others, I prefer to get the job done first and socialize afterward  
rather than socialize first and then tackle the job. 1 2 3 4 5

 7. I would rather work in a group than by myself. 1 2 3 4 5

 8. I believe rewards should be given for individual accomplishments rather than for  
group accomplishments. 1 2 3 4 5

 9. I describe myself in terms of my accomplishments rather than in terms of my family  
and relationships. 1 2 3 4 5

 10. I prefer sharing space with others to having my own private space. 1 2 3 4 5

 11. I would rather work for someone who maintains authority and functions for the good  
of the group than work for someone who allows a lot of autonomy and individual  
decision making. 1 2 3 4 5

 12. I believe it is more important to be on time, than to let other concerns take priority. 1 2 3 4 5

 13. I prefer working on one thing at a time to working on a variety of things at once. 1 2 3 4 5

 14. I generally set a time schedule and keep to it rather than leave things unscheduled and  
go with the flow. 1 2 3 4 5

 15. I find it easier to work with someone who is fast and wants to see immediate results than  
to work with someone who is slow and wants to consider all the facts. 1 2 3 4 5

 16. In order to learn about something, I tend to consult many sources of information rather  
than go to the one best authority. 1 2 3 4 5

 17. In figuring out problems, I prefer focusing on the whole situation to focusing on specific  
parts or taking one step at a time. 1 2 3 4 5

 18. When tackling a new task, I would rather figure it out on my own by experimentation than  
follow someone else’s example or demonstration. 1 2 3 4 5

 19. When making decisions, I consider my likes and dislikes, not just the facts. 1 2 3 4 5

 20. I prefer having tasks and procedures explicitly defined to having a general idea of what has  
to be done. 1 2 3 4 5
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This tool is brought to you by the Al Siebert Resiliency Center. 

 For more information, see ResiliencyCenter.com

Resiliency Tools presented by

Cultural Context Inventory
Scoring Sheet:

The purpose of this inventory is to assess your tendencies toward being high- or low-context oriented. Transfer the 
circled numbers for each statement to the appropriate blank provided below. Then, add the numbers in each 
column to obtain your scores

High Context (HC)           Low Context (LC) 
1.  __________ 3.  ___________

2.  __________ 6.  ___________

4.  __________ 4.  ___________

5.  __________ 9.  ___________

7.  __________ 12.  ___________

10.  __________ 13.  ___________

11.  __________ 14.  ___________

16.  __________ 15.  ___________

17.  __________ 18.  ___________

19.  __________ 20.  ___________

TOTALS __________ ____________

Put a check mark in the appropriate blank below to indicate which score is larger:

________  High Context            ________  Low Context

Subtract your high context score from your low context score.  Record the difference in the blank below:

  ________  Low Context

- ________  High Context

________  Difference

For more information about cultural context, please see the book Effective Multicultural Teams: Theory and Practice (Ad-
vances in Group Decision and Negotiation), Claire B. Halverson (Editor), S. Aqeel Tirmizi (Editor) ©2008 Springer, or 
the website:  http://www2.pacific.edu/sis/culture/pub/Context_Cultures_High_and_Lo.htm brought to you 
by Dr. Bruce LaBrack, at the University of the Pacific School of International Studies.

A plus number means higher context.  
A minus number means lower context.


