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ABSTRACT 

Abundant centimeter- to meter-scale sandstone intraclasts are present in the Jordan 
Formation of southeastern Minnesota, USA. Intraclasts have previously been interpreted 
as incised carbonate-cemented beachrock, though no original cement is preserved. 
Inferred syndepositional behavior of intraclasts supports ice as an alternative agent of 
cementation. Intraclast characteristics and recurring morphologies are compared to those 
of modern ice-cemented clasts, drawing examples from frozen foreshore sediments of 
Lake Superior in Duluth, Minnesota. Paleoenvironmental implications of intraclasts are 
also examined as ice-cemented clasts would have formed near the equator of the 
Furongian epeiric sea following the onset of shelf-wide extinctions at the top of the 
Cambrooistodus minutus conodont zone, marking the beginning of stage 4 in the 
Ptychaspid biomere.  
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INTRODUCTION 

 Abundant centimeter- to meter-scale intraclasts are present within sandstone of 

the Jordan Formation of southeastern Minnesota, USA. Intraclasts have previously been 

interpreted as preserved beachrock that formed and brecciated within a barrier island 

sequence (Runkel, 1994). Though original cement is no longer present, Runkel (1994) 

calls on aragonite as a likely agent of synsedimentary cementation. Ancient examples of 

beachrock are rare in the literature (e.g. Tanner, 1956; Donaldson and Ricketts, 1979; 

Fujino et al. 2006), despite widespread occurrence in the modern marine intertidal zone 

(e.g. Stoddart and Cann, 1965; Meyers, 1987; El-Sayed 1988; Strasser et al. 1989) and 

less common occurrences on lacustrine shorelines (Binkley et al., 1980). Intraclasts 

within the Jordan Formation are unusual with regards to recurring morphologies and 

complete lack of original cement. Characterization of intraclasts allows for a reevaluation 

of the original agent of cementation, which may have significant paleoenvironmental 

implications. 

GEOLOGIC SETTING AND STRATIGRAPHY 

Large-scale sandstone intraclasts are exposed on one exceptional outcrop at The 

Arches, Minnesota, USA (Fig. 1). Accessible outcrop extends roughly 150 m laterally 

along a road cut on Highway 14, ~12 km west of Winona, Minnesota. Intraclasts are 

located within the Jordan Formation, a sheet sandstone deposited in the Hollandale 

embayment of the North American craton (Runkel, 1994; Runkel et al., 1998; Runkel et 

al., 2007) (Fig. 1, inset). Deposited as part of a progradational system during overall 

regression, the Jordan Formation presents one of the most cratonward records of 

Laurentian Cambrian sedimentation (Runkel et al., 2007). Regionally spanning conodont  
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zones in the Furongian and early Ordovician, deposition begins at least as early as 

Proconodontus muelleri and extends into Cordylodus lindstromi (Runkel et al., 2007) 

(Figs. 2 and 3). Intraclasts at The Arches were deposited at or above the top of the 

Cambrooistodus minutus conodont zone, coinciding with the top of the Saukia biozone 

(Runkel, 2008, personal commun.) (Figs. 2 and 3). 

LITHOFACIES CONTEXT AND DIAGENESIS 

Lithofacies of the Jordan Formation are primarily indicative of marine deposition 

(cf. Dott et al., 1986; Byers and Dott, 1995; Runkel et al., 1998; Tape et al., 2003; Runkel 

et al., 2007). Two major lithofacies assemblages are present at The Arches (cf. Runkel, 

1994) (Fig. 4): 

1) A nearshore lithofacies assemblage is primarily fine- to coarse-grained 

sandstone with marine trace fossils of the Skolithos ichnofacies. This assemblage includes 

high-angle planar tabular cross-bedding and trough cross-stratification (TCS) indicating 

an energetic environment on the upper shoreface and foreshore that experienced tidally-

influenced deposition (Tape et al., 2003; Runkel et al., 2007). Additionally, low-angle, 

long-wavelength cross-lamination interpreted as swash stratification is present within the 

foreshore. For the purpose of this paper, a nonmarine lithofacies composed of very fine-

grained sandstone with pinstripe lamination and channel erosion (cf. Dott et al., 1986; 

Runkel et al., 2007) is included within the nearshore assemblage as it was likely 

deposited on the foreshore just landward of the Cambrian coast (Runkel et al., 2007). The 

nearshore lithofacies assemblage of the Jordan Formation is capped by the erosive pebbly 

fluvial lag of the Coon Valley member of the Oneota Formation (cf. Smith et al., 1993; 

Runkel et al., 1999) (Fig. 3). 
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            2) Located stratigraphically below the nearshore lithofacies assemblage, a lower 

shoreface and upper offshore lithofacies assemblage features medium-grained swaley 

cross-stratification (SCS) (Tape et al., 2003; Runkel et al., 2007) indicative of oscillatory 

flow from storm influence near fairweather wave base (Datta et al., 1999). Elsewhere in 

the Jordan Formation the SCS lithofacies is transitional below with hummocky cross-

stratification (HCS) and fine-grain shaley-carbonate dolomite tempestites of the St. 

Lawrence Formation, representative of contemporaneous offshore deposition (cf. Smith 

et al., 1993; Runkel et al., 1999) (Fig. 3). 

Intraclasts are most common within the nearshore lithofacies assemblage (Fig. 

3b). Cross-bedding preserved within the majority of intraclasts resembles that of the host 

lithofacies (i.e. these are intraclasts, sensu stricto). Additionally, rare, very fine-grained 

intraclasts within this stratigraphic interval exhibit pinstripe lamination, suggesting 

aeolian deposition of sediments prior to intraclast formation (Fig. 5b). Though aeolian 

features were not observed at The Arches, they are present elsewhere in the Jordan 

Formation (Dott et al., 1986). As such, clasts containing aeolian features are also 

considered intraclasts. At The Arches, clasts are also present within the SCS lithofacies 

of the lower shoreface and display cross-bedding indicative of the nearshore lithofacies 

assemblage (Fig. 3b). Accordingly, transport of clasts down the shelf to contemporaneous 

deeper water depositional environments is inferred to have taken place. Though clasts 

transported into different depositional environments are not intraclasts by definition, for 

the purpose of this paper they will be identified as intraclasts due to their shared origin 

within the Jordan Formation. In context of the prograding Jordan Formation, this 

distribution indicates that cementation was neither isolated in time nor space (Fig. 6). 
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             Cross-bedding and differences in grain-size allow for unambiguous 

discrimination of intraclast boundaries from host sandstone. Intraclasts are also 

commonly conspicuous due to variation in both distribution and amount of post-

depositional iron oxide cement in this sandstone (Fig. 7). Iron oxide occurs as interstitial 

clay-sized particles with a microscopic clotted fabric (structure grumeleuse), indicating 

an authigenic microbial source (cf. Flugel, 2004). Additionally, EDX analysis (see 

methods, Appendix 1) suggests that cement may be amorphous iron-rich microbially-

mediated clay minerals (cf. Konhauser and Urrutia, 1999). Classic liesegang banding is 

not observed at The Arches, though it is common elsewhere in the Jordan Formation. 

Rather, interstitial iron oxides are commonly present as localized staining on the interior 

of clast edges, extending 2 to 30 mm (Fig. 7a) and rarely cementing the entire intraclast. 

In addition, burrows and rare depositional surfaces may also be cemented by such iron 

oxides (Fig. 7b). Sandstone in proximity (mm- to cm-scale) of such iron oxide cements 

commonly feature a marked absence of iron oxide, appearing to have been bleached (Fig. 

7a). Bleaching suggests reduction and redistribution of iron within the sandstone due to 

post-depositional fluid flow (cf. Roden et al., 2000; Parry et al., 2004; Beitler et al., 2005; 

Li et al., 2006). Intraclasts lacking iron oxide cement (Fig. 7c) appear to be rare, though 

scarcity may be due to a bias in observation rather than true relative abundance. 

INTRACLAST SIZE, SHAPE, AND RELATIONSHIP TO BEDDING 

In cross section, many intraclasts are equant to elongate in shape with aspect 

ratios ~1:1 to 1:11. Many intraclasts may be reasonably characterized in cross-section by 

relatively simple geometric shapes (circle, rectangle, square, etc.) with smooth edges and  
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angular or rounded corners. Other intraclast cross-sections, however, have more complex 

geometries. Some intraclasts are conspicuously bent, though surrounding host lithofacies 

can be shown to be undeformed (Fig. 8c and d). Rare intraclasts may also be lensoidal in 

cross-section (Fig. 9a and b). Additionally, a number of intraclasts have irregular 

boundaries characterized by cm-scale surface rugosity and jagged edges, including both 

cm- to mm-scale incisions and mm-scale digitate extensions of clasts into surrounding 

matrix sand (Figs. 5, 8a and b). Common brecciated angular intraclasts are locally 

complementary, featuring corresponding sharp edges that may be reassembled into larger 

clasts (Fig. 9c and d). In contrast, similar brecciated intraclasts have round edges and 

diffuse boundaries without demonstrable transport of components (Fig. 10). 

Lenticular scours that cut bedding are common within the nearshore lithofacies 

assemblage. Intraclasts commonly form matrix- or clast-supported conglomerates in 

scour fill or rest on scour surfaces. On the edge of such scours, clast boundaries may also 

be complementary with continuous depositional surfaces, allowing for reconstruction of 

continuous beds prior to brecciation (Fig. 11). Though such beds may be locally distinct 

from surrounding sediments, along strike they are indistinguishable from other non-

brecciated sediments (Fig. 8a).   

INFERRED SYNSEDIMENTARY INTRACLAST COMPETENCE 

 Large aspect ratios and preservation of fine features including mm-scale digitate 

clast extensions demonstrate that intraclasts were hard at times and deformed brittly 

within the syndepositional environment. In contrast, bent clasts indicate ductile 

deformation. It may be inferred that such clasts bent pre- or syndepositionally, as host  
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sand does not exhibit deformation. Additionally, rounded intraclasts that lack physical 

transport demonstrate in situ disaggregation, with a loss of grains through abrasion or 

removal of cement around clast edges (Fig. 10). 

NATURE OF ORIGINAL CEMENT 

The agent of cementation inferred from syndepositional clast behavior produced 

intraclasts that were hard and brittle, yet also capable of in situ disaggregation and pre- or 

syndepositional bending. Coincidence of such varied behaviors either necessitates 

different agents of cementation, or a single agent of cementation that demonstrates 

variable mechanical characteristics. Due to a lack of observed correlation between clast 

size, depositional setting, or grain size and brittle or ductile deformation, it is here 

suggested that a single, variable agent of cementation is the simplest explanation for the 

cementation of clasts. While this range of syndepositional cement behavior seems 

inconsistent with a mineral cement, the coincidence of such varied behaviors is 

characteristic of ice-cemented sand.  

In modern and other ancient settings, researchers have invoked ice as an agent of 

cementation for large-scale sandstone intraclasts (Dillon and Conover, 1965; Illich et al., 

1972; Diffendal, 1984; Menzies, 1990). Depending on proximity to the freezing point and 

corresponding levels of unfrozen pore water, ice-cemented sand deforms in either a 

ductile or brittle manner as a result of changes in creep strain rate (Arenson and 

Springman, 2005). While ductile deformation is possible with incipient freezing, under 

similar conditions completely frozen sand exhibits brittle deformation. It also follows that 

frozen sediments would be susceptible to synsedimentary thaw, allowing for ductile 

deformation in formerly hard, brittle sediments. Cementation may also be heterogeneous, 
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likely owing to mm-scale segregation ice lenses due to cryosuction (cf. Davis, 2001) (Fig. 

12). Finally, ice cementation is necessarily ephemeral, as in situ melting and subsequent 

release of grains progresses if temperatures do not remain below freezing prior to burial. 

Modern ice-cemented sand clasts formed from shoreline sediments provide 

analogues for recurring morphologies of Furongian intraclasts at The Arches. Shared 

features may be explicable due to processes common to ice cementation:  

1) Conspicuously bent clasts (Fig. 8c and d) exhibit ductile deformation 

characteristic of poorly-frozen (incipient freezing or later thawing) sand (Fig. 13). 

Following ductile deformation, complete freezing would allow for competent behavior 

during subsequent transport and deposition.  

2) Common jagged clast edges including incisions and digitate extensions (Fig. 5) 

may indicate preferential erosion following brecciation in the sedimentary environment 

due to heterogeneous cement distribution. Heterogeneity is inferred to be lamination-

influenced with differential freezing and segregation ice lenses (Figs. 12, 14, 15). 

3) Lensoid morphologies (Figs. 9a and b, 16), surfaces featuring cm- to mm-scale 

rugosity (Figs. 8a and b, 17), and in situ disaggregation may be due to melting processes 

following the brecciation of frozen beds (Fig. 10). 

CONCLUSIONS 

 Sandstone intraclasts located in close proximity to the top of the C. minutus 

conodont zone were investigated on one outcrop in the Furongian Jordan Formation of 

southeastern Minnesota, USA. Due to preservation of jagged edges with incisions and 

digitate extensions, pre- or syndepositionally bent clasts, and in situ disaggregation, 

intraclasts are inferred to have been hard and behaved brittly at times, while also being 
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soft and capable of ductile deformation. In addition, the cement is inferred to have been 

ephemeral within the depositional environment. Intraclasts are here proposed to have 

been cemented by ice, as both inferred intraclast syndepositional behavior and recurring 

intraclast morphologies are diagnostic of modern ice-cemented clasts. 

 To my knowledge, there has been no evidence supporting a frozen sea reported 

within the Furongian; dropstones and evidence of iceberg groundings (cf. Thomas and 

Connell, 1985; Gilbert, 1990), till pellets from rafted sediments (cf. Martini et al., 1993), 

and “freeze-up” or “break-up” deposits associated with nearshore ice (cf. Reinson and 

Rosen, 1982) are absent. Due to the absence of data indicating frozen marine conditions, 

I propose that intraclasts were cemented by freezing of terrestrially-sourced freshwater 

percolating through foreshore sediments (Fig. 18). Such an interpretation has a significant 

burden of proof, as well as potentially large paleoenvironmental implications: ice-

cemented intraclasts would have formed near the equator of the Furongian epeiric sea. 

IMPLICATIONS 

Though traditionally interpreted to have been a warmer period in Earth history 

(Dott et al., 1986), climatic modeling of landmass distribution and solar output has 

suggested that the Cambrian may have been much cooler than commonly thought 

(Ziegler et al., 1981). This interval also experienced repeated shelf-wide extinction events 

in the Laurentian epeiric sea. Though researchers have suggested that incursions of cool 

and/or anoxic waters may have driven extinction events (Palmer, 1965; Stitt, 1971), a 

definitive cause has proven elusive. Repeated shelf-wide extinction events cap larger-

scale evolutionary packages termed biomeres (Palmer, 1965, 1984; Stitt, 1971, 1975,  
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1977, 1983; Myrow et al., 1999; Taylor, 2006). Following the classification of Stitt 

(1975), biomeres may be divided into four stages (cf. Taylor, 2006) (Fig. 19): 

Stage 1: initial adaptive radiation featuring low species diversity with limited 

range and morphologies present. 

Stage 2: general increase in range of morphologies represented, termed the 

“consolidation phase.” 

Stage 3: period of maximum diversity representing a stable shelf fauna. At the top 

of stage 3, a shelf-wide extinction event takes place, reducing variation and diversity. 

Stage 4: interval dominated by few opportunistic species, interpreted as a “critical 

interval” in which environmental conditions significantly stressed platform fauna. 

A minor negative δ13C excursion that occurs between the Pterocephaliid and 

Marjumiid biomeres has been interpreted to indicate an introduction of cool, deep waters 

into the shelf environment either through the destratification of the oceans or a rise in the 

thermocline (Perfetta et al., 1999). Noting a similar excursion described in the work of 

Saltzman et al. (1995), Perfetta et al. (1999) hypothesize that such a mechanism may also 

explain extinction events at other biomere horizons. It should be noted, however, that 

although data may support interpretations of cold, anoxic water invading the continental 

shelf during extinction events, Taylor (2006) cautions that measured isotopic excursions 

could be due to other factors.  

Independent of isotopic evidence, changes in lithology and faunal morphology 

related to biomere extinction events do not contradict interpretations of water temperature 

and/or oxygen levels as driving forces. For example, between the Marjumiid and 

Pterocephaliid  biomeres, an inferred warm-water Crepicephalus assemblage in the  
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Jordan Formation is replaced by an inferred cool-water Aphelaspis assemblage without 

accompanying changes in sedimentation (Lochman-Balk, 1971). This and other absences 

in sedimentation changes associated with extinction events (cf. Taylor and Cook, 1976; 

Stitt, 1977; Loch et al., 1993) indicate that biomere-capping extinctions are not 

exclusively due to a rapid shoreward migration of lithofacies (cf. Westrop and Ludvigsen, 

1987). Observations from the boundary between the Pterocephaliid and Ptychaspid 

biomeres by Taylor et al. (1999) also support cool and/or anoxic water as a sufficient 

driving force in extinctions: thrombolitic reefs disappear at the biomere boundary without 

evidence for accompanying increases in water depth. 

The C. minutus conodont zone, above which intraclasts are located at The Arches, 

marks the transition from stage 3 to 4 within the Ptychaspid biomere (Figs. 3, 18, and 19). 

Ice cementation of intraclasts is not, in and of itself, inconsistent with evidence for the 

onset of environmental stresses responsible for biomere-capping extinction events. 

Rather, this interpretation provides context for the magnitude of such events. The 

presence of ice on the Furongian equator suggests that large-scale climatic changes, not 

simply localized shifts in ocean currents, may have been responsible for the initiation of 

faunal turnovers. This is the first study to suggest that environmental changes related to 

biomere-capping extinction events may have had an expression in the surface 

environment. 
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Appendix 1  -  Methods 
 
 Initial fieldwork for this project took place through a series of excursions to an 

outcrop of the Jordan Formation at The Arches along Hwy. 14 in southeastern Minnesota, 

USA prior to and during the 2007-08 school year. Due to epibiotic encrustation on the 

outcrop, the sandstone was scraped by machete prior to observation. Data collection 

primarily consisted of digital photography, documenting intraclast characteristics, 

orientation, and relative distribution. In addition, hand samples, epoxy peels, and loose 

grains of depositional surfaces and intraclast edges defined by a relative concentration of 

iron oxide relative to matrix material were collected for further analysis. 

 Thin sections from three hand samples were vacuum-impregnated with epoxy and 

polished for microprobe work at Spectrum Petrographics prior to analysis. In addition to 

optical microscopy, initial analysis consisted of x-ray diffraction using the Philips PW 

1800 X-ray Diffractometer in the Carleton College Department of Geology, and iron 

oxide cement analyses were collected on the Carleton College Hitachi S-3000N Scanning 

Electron Microscope equipped with an Oxford INCA microanalysis system.  A 20 kV 

acceleration voltage was used for all SEM analyses. 

 Subsequent field work was also carried out in December, 2007, at Park Point, 

Duluth, Minnesota, USA. Characteristics of ice-cemented clasts formed by brecciation of 

frozen foreshore sediments were investigated to gauge applicability of ice cementation as 

a modern analogue to intraclasts present at The Arches.
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