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ABSTRACT 
 
 
Induration of quartz sandstone by silica precipitation formed a well-cemented horizon in 
the uppermost Jordan Formation (Cambrian) and intraclasts in the Coon Valley Member 
of the Oneota Formation (Ordovician) near Osceola, Wisconsin.  These sandstones are 
correlated with a regional unconformity at the Cambrian-Ordovician boundary. Silica 
weathered from the overlying quartz sandstone saturated the groundwater, and a period of 
subaerial exposure with seasonal fluctuations in the water table provided the necessary 
conditions for cement precipitation.  The indurated horizon prevented further erosion of 
the underlying sandstone until sea level rose again, depositing a sandy-silty dolostone on 
top of the sandstone. The well-cemented sandstones formed are indicative of groundwater 
silcrete precipiation at the Cambrian paleo-water table. 
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INTRODUCTION 

 The Lower Paleozoic strata throughout the Hollandale embayment (Fig. 1) were 

deposited under stable tectonic conditions in laterally extensive sheets covering tens of 

thousands of square kilometers (Runkel et al., 1999).  The Cambrian-Ordovician 

boundary strata (Fig. 2), composed of the Jordan Formation sandstone overlain by the 

Coon Valley Member of the Oneota Formation dolostone, are part of the “orthoquarzite-

carbonate suite” [published by] (Pettijohn, 1957). In spite of extensive study, the 

Cambrian-Ordovician boundary strata are still not very well understood because of 

limited exposure, lack of macrofaunal fossils, and the cryptic nature of the 

unconformities (Runkel et al., 1999).   

A silica cemented horizon and intraclastic layer caps the Cambrian strata near 

Osceola, Wisconsin.  A similar horizon has also been studied in southeastern Canada and 

upstate New York.  Hersi et al. (2002) describe a regional subaerial unconformity 

between the Cairnside Formation sandstone and Theresa Formation dolostone in the 

Quebec Reentrant that were deposited at the same time as the Jordan and the Oneota.  

Hersi and Dix (2006) document quartz overgrowth cement in the regional Cairnside 

quartz arenites. 

 In this study I provide new data concerning the composition of the silica cement 

in the Cambrian-Ordovician boundary strata near Osceola, Wisconsin based on 

macroscopic and petrographic analysis.  These cements are interpreted to be groundwater 

silcretes, providing insight into the post-depositional environment of the Jordan 

Formation during a period of subaerial exposure.  
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CRITERIA FOR SILCRETE FORMATION 

 Silcrete is defined by McBride (1989) as silica-indurated products of surficial or 

penesurficial diagenesis. There is no maximum depth associated with the term 

“penesurficial” but it refers to the zone where diagenetic processes are active (Choquette 

and Pray, 1970).  The silica sources requisite of silcrete formation can be divided into 

two groups.  Weathering processes can provide silica by dissolving feldspars or clay 

minerals,  direct solution of quartz, or by the formation of laterite; metamorphic 

processes can provide silica by the serpentinization of mafic minerals (Smale, 1973).  It is 

well established that dissolved silica exists in solution in natural waters in the form of 

monosilicic acid (H4SiO4), rather than in colloidal forms (Summerfield, 1983).   

Two generalizations can be made of the environment where silcrete is formed: the 

silica-saturated pore waters must move slow enough to allow for precipitation and there 

cannot be any local constituents that would cause the silica to preferentially form clay 

minerals or other silicates instead of silica cement (Summerfield, 1983).  Silcrete can be 

precipitated by three groups of external factors.  Climatic factors include evaporation and 

cooling; chemical factors include the absorption by solids, neutralization of strongly 

alkaline solutions, and reaction with cations; biological factors include the life processes 

of organisms (Siever, 1962).  Silcrete precipitation can take place in arid, semi-arid, or 

humid environments, provided there is an abundant supply of water and dissolved silica, 

and forms one of four fabrics: grain supported, floating, matrix, and conglomeratic 

(Summerfield, 1983).  The different fabrics are characterized by the amount of support 

the cemented grains provide for the structure of the silcrete (Summerfield, 1983).  

Silcrete is believed to form by two different models of induration: lateral transfer and 
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vertical transfer, though lateral transfer models are not widely accepted (Summerfield, 

1983).  The vertical transfer models proposed are per ascensum and per descensum. 

One per ascensum vertical transfer model suggests that capillary action draws the 

silica-saturated water up to the surface where the silica is precipitated out by evaporation 

under dry conditions (Woolnough, 1927).  Among the many criticisms for this model, the 

dominant opinion asserts that such a model could not create a silcrete horizon greater 

than a few centimeters thick; this is not consistent with a typical silcrete horizon 

thickness of 1-3 meters (Summerfield, 1983).  Another per ascensum model suggests that 

silica-saturated solutions rising up from the water table due to climatic or seasonal 

fluctuations would react with cations to precipitate out (Smale, 1973).  This model has 

been criticized because it requires conditions uncharacteristic of those environments 

where silcrete is usually found (Summerfield, 1983). 

Silcrete formation by per descensum models are much more widely accepted than 

the per ascensum models (Summerfield, 1983).  Whitehouse (1940) proposes a model 

where weathering at the uppermost portion of a lateritic profile releases silica which is 

leached down, precipitated in the pallid zone, and eventually exposed by an erosional 

event.  Senior and Senior (1972) assert that silcrete formation can be concentrated into 

certain foci by variations in the permeability of a strata.  One criticism for this model is 

that it does not account for lateral drainage (Hays, 1967).  Langford-Smith and Dury 

(1965) also point out that it would take large areas of constant erosion to expose the 

subsurficial sheets of silcrete.  Watts (1977, 1978a, b) proposes that dissolution of 

overlying unconsolidated quartz sands would provide enough silica for induration but 

Summerfield (1978) suggests that aeolian inputs might also be an important source.  
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 Pedogenic silcretes are formed when a soil is cemented by silica (Summerfield, 

1983).  They exhibit a complex profile structure that can be divided into an upper 

columnar portion overlaying a granular or nodular portion (Ullyott and Nash, 2006) and 

are more commonly composed of microcrystalline quartz or opal (McBride, 1989).   

Pedogenic silcretes usually derive their silica from within the sedimentary profile (Milnes 

and Thiry, 1992; Thiry 1999).   

 In contrast, groundwater silcretes exhibit a more varied yet simpler profile usually 

occurring in sheet-like horizontal layers (Ullyott and Nash, 2006), formed by silica-

saturated ground water reacting with the precipitation factors (Ullyott and Nash, 2006; 

Summerfield, 1983).  Groundwater silcretes typically exhibit syntaxial quartz 

overgrowths (McBride, 1989) and usually derive their silica from remote sources (Thiry, 

1999) or from within the sedimentary profile (Thiry and Milnes, 1991).   Summerfield 

(1983) asserts that this is a more plausible method of silcrete formation and suggests that 

groundwater silcrete formation could be related to inter-dune troughs; the proximity 

between the water table and the surface of the profile might facilitate silcrete formation. 

 

 

DEPOSITIONAL SETTING AND STRATIGRAPHIC OVERVIEW 

 Cambrian-Ordovician boundary sediments (Fig. 2) were deposited in the 

Hollandale embayment, a wide, shallow depression that included eastern Nebraska, 

southwestern Wisconsin, southern Minnesota, and the cratonic shelf of Iowa (Runkel et 

al., 1999).  The Jordan Formation, composed of very fine to coarse-grained quartz 

sandstone, was deposited in a shallow marine environment during a period of sea level 
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regression in the Cambrian Period (Runkel, 1994).  The Jordan is overlain by the Coon 

Valley Member of the Oneota Formation, composed of interbedded shale, sandstone, and 

sandy dolostone that was deposited predominantly in a supratidal to peritidal marine 

environment during a period of sea level transgression in the Ordovician (Smith et al., 

1993).   The Coon Valley Member is overlain by the Oneota Dolostone, a layer 

composed of predominantly dolostone, sandy-silty dolostone, and sandstone that was 

deposited in a peritidal to shallow-subtidal marine environment (Smith et al., 1993). 

 Runkel (1994) proposes that the presence of a regional unconformity between the 

Jordan and Oneota Formations identified by an erosional lag, composed of a poorly 

sorted and pebbly sandstone layer, at the top of most of the Jordan outcrops on the 

southwest side of the Wisconsin Arch.  Runkel et al. (1999) confirm the presence of this 

unconformity using microfaunal analysis of twelve conodont zones characteristic of the 

Cambrian-Ordovician boundary strata, eight of which were missing from the local 

stratigraphic record, and correlate the missing conodonts with the erosional lag layer 

from Runkel (1994).  Smith et al. (1993) suggest that the unconformity is expressed in 

outcrops in Wisconsin by subaerially formed silcrete. 

 

 

OUTCROP DESCRIPTIONS 

 The focus of this study, WI-243 (Fig. 3), is located along the eastern side of 

Wisconsin State Highway 243, within the town of Osceola, Wisconsin (Fig. 1).  It is 

composed of the Jordan Formation and the Coon Valley Member of the Oneota 

Formation with 11 meters of accessible lateral exposure and 6 meters of accessible 
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vertical exposure.  There are three units exposed: the uppermost Jordan Formation 

sandstone (Zone 4), the Coon Valley Member (Zones 3 and 2) of the Oneota Formation, 

and the lowermost Oneota Dolostone (Zone 1).  Zone 4 is composed of 3 meters of 

exposed poorly cemented sandstone.  Zone 3 is composed of 80 centimeters of well-

cemented sandstone.  Zone 2 is composed of well-cemented sandstone intraclasts ranging 

from 3-15 centimeters in width contained in 70 centimeters of a sandy-dolomitic matrix.  

Zone 1 is composed of 1.5 meters of exposed well-cemented dolostone.  Both of the 

sandstone layers and the sandstone intraclasts are cemented by silica.  All four zones are 

consistent throughout the limited exposure of the outcrop.   

The other nearby exposure of the Cambrian-Ordovician boundary strata, MN-243 

(Fig. 4), is located along the western side of Minnesota State Highway 243, 

approximately 1.5 kilometers west of Osceola, Wisconsin (Fig. 1).  One unit is exposed: a 

silica-cemented coarse-grained sandstone from the uppermost Jordan Formation.  The 

exposure extends laterally 92 meters and vertically up to 3.8 meters.  The exposed unit 

can be subdivided into a well-cemented horizon up to 3 meters thick (Zone 3) overlying a 

section up to 80 cm thick of poorly cemented sandstone (Zone 4).   

Petrographic analysis also supports these distinctions.  The thin sections from 

Zone 3 and the intraclasts in Zone 2 exhibit predominantly isopachous cement 

precipitation (Fig. 5), both linear (Fig. 6) and concavo-convex (Fig. 7) intergranular 

contacts, and pore space visually estimated between 10-20% (Fig. 8).  Zones 1 and 4 also 

contain predominantly isopachous cement precipitation but have predominantly linear 

intergranular contacts and 20-30% approximated pore space (Fig. 9).  In contrast, the 

matrix in Zone 2 exhibits predominantly meniscus cementation, linear intergranular 
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contacts, and pore space visually approximated between 30-40% (Fig. 10).  

 

 

INTERPRETATIONS 

 The well-cemented sandstone horizon in Zone 3 reflects the region where 

groundwater silcrete formed during a period of subaerial exposure in the late Cambrian 

and early Ordovician Periods.  The well-cemented sandstone intraclasts in Zone 2 reflect 

regions of localized groundwater silcrete formation above the silcrete horizon during the 

same period of time.  The underlying poorly cemented sandstone in Zone 4 reflects 

depths too far below the contour of the water table to allow for the formation of silcrete 

by the precipitation criteria. I propose the following sequence of events (illustrated in Fig. 

11) to explain the sequential deposition, induration, and erosion reflected in the 

Cambrian-Ordovician boundary strata near Osceola, Wisconsin:  

1) The Jordan was deposited in a shallow marine environment during the 

Cambrian (Runkel, 1994; Runkel et al., 1999). 

2) Sea level fell, halting deposition and subaerially exposing the Jordan (Runkel, 

1994; Runkel et al., 1999). 

3) Silcrete intraclasts and an underlying horizon formed in the Jordan at the 

contour of the water table during the period of subaerial exposure from 

dissolved silica weathered from the upper portion of the same formation.  The 

surface of the Jordan began to erode away. 

4) Erosion continued, exposing some of the silcrete intraclasts and the 

underlying horizon; exposed intraclasts were deposited on top of the horizon.   
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5) Sea level rose again in the Ordovician; this erosional event completely 

exposed silcrete horizon. The silcrete horizon shielded the underlying poorly 

cemented sandstone from additional erosion. 

6) The Coon Valley Member of the Oneota was deposited in an intertidal and 

supratidal environment on top of the silcrete intraclasts and underlying 

horizon fragments. 

7) 400 million years later: after many more episodes of deposition and erosion, 

the St. Croix River eroded the sedimentary rock between MN-243 and WI-243 

creating the modern topography of the Minnesota-Wisconsin border and 

exposing the Cambrian-Ordovician boundary strata near Osceola, Wisconsin. 

 

 

DISCUSSION 

The silica-cemented horizon in the upper portion of the Jordan Sandstone and the 

intraclasts in the Coon Valley Member of the Oneota Dolostone are of groundwater 

silcrete induration, indicated by its macroscopic structure and petrographic 

characteristics.  As described by Ullyott and Nash (2006) and Summerfield (1983), 

groundwater silcretes exhibit sheet-like horizons of silica induration, as can be seen in 

Zone 3. The concavo-convex intergranular contacts in Zones 2 and 3 are indicative of 

pressure dissolution (Eichhubl et al., 2004), which suggests that the silcrete was buried 

during the induration process or subjected to a high rate of flow.  McBride (1989) reports 

that groundwater silcretes form syntaxial quartz overgrowths, confirmed under thin 

section for both Zone 3 and the intraclasts in Zone 2.  Photomicrographs and descriptions 
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in Summerfield (1983) confirm that these silcretes are of a grain-supported fabric; the 

cemented grains of Zone 3 and the intraclasts in Zone 2 form a self-supported framework. 

The intraclasts in Zone 2 may have been created by local variations in the porosity 

of the Jordan Sandstone and their interaction with the water table.  Silica-saturated 

groundwater could have been trapped in regions of high porosity sandstone surrounded 

by low porosity sandstone.  Prolonged static periods would allow silica precipitation as 

silcrete, indurating the highly porous region.  When the poorly cemented sandstone 

surrounding the intraclasts eventually eroded away, the intraclasts would be deposited on 

top of the silcrete horizon.  The deposition of the Coon Valley Member of the Oneota 

Dolostone would then cover the intraclasts. 

Another possible process for the formation of the intraclasts is that they may have 

been part of the same massive silcrete horizon as Zone 3.  During the period of subaerial 

exposure in the Cambrian Period part of the horizon could have been fragmented into 

smaller intraclasts.  Once sea level rose again in the Ordovician, physical erosion could 

round the intraclasts before the Coon Valley Member of the Oneota Dolostone was 

deposited on top of them. 

A third possibility for the formation of the silcrete intraclasts is through the 

preferential precipitation of the silica cement.  Specific zones within the sandstone at the 

contour of the water table could have attracted more silcrete formation than others.  

Seasonal variations in the water table would allow the grains to be cemented into rounded 

intraclasts with a maximum size reflecting the difference between the annual high and 

low of the water table. The Jordan erosional event would expose the intraclasts, leaving 

them on top of the silcrete horizon.  The Ordovician sea level rise deposited the Coon 
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Valley Member of the Oneota Dolostone on top of the intraclasts, trapping them in what 

would become the matrix of Zone 2.  Parker (2003) suggests that the level of a water 

table can fluctuate 0.5 m over a twelve-hour period or 3.6 m over the course of a year. 

This imples that the groundwater silcrete intaclasts described in this study are of a 

feasible size by this model. 

 These conclusions regarding the nature of the Cambrian-Ordovician boundary 

strata are similar to research done on the Potsdam-Beekmantown contact, two 

stratigraphic layers depositionally and diagenetically very similar to the Jordan-Oneota 

contact, extending southwest from Montreal to Ottowa and south into upstate New York.  

Dix et al. (2003) describes an unconformity between the Cairnside (Potsdam) and 

Theresa (Beekmantown) Formations verified by an unconformity in the local conodont 

biostratigraphy.  Hersi et al. (2002) characterize the unconformity by an abrupt 

lithological change, by a local absence of the Cairnside Formation, and by cements at and 

below the boundary surface.  Selleck (1978) proposes the following sequence of events 

for the creation of the unconformity:  

1) The depositional processes of the Cairnside Sandstone were interrupted. 

2) A surficial cement was precipitated in the upper portion of the sandstone. 

3) The cemented horizon was fragmented into intraclasts. 

4) The intraclasts collapsed onto the underlying poorly-cemented sandstone. 

5) The erosion of the uppermost poorly-cemented sandstone. 

6) The resumption of normal deposition. 

Except for the suggestion of surficial cement formation, this sequence closely mimics the 

proposed sequence of events for the Hollandale embayment exposed near Osceola, WI. 
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Fig. 5. Photomicrographs of isopachous cement precipitation characteristic of Zone 3 and 
intraclasts from Zone 2.  Photo 5(A) taken under plain polarized light.  Photo 5(B) taken 
under cross-polarized light. 
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Fig. 6. Photomicrographs of linear intergranular contacts characteristic of Zone 3 and 
intraclasts from Zone 2.  Photo 6(A) taken under plain polarized light.  Photo 6(B) taken 
under cross-polarized light. 
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Fig. 7. Photomicrographs of concavo-convex intergranular contacts characteristic of Zone 
3 and intraclasts from Zone 2.  Photo 7(A) taken under plain polarized light.  Photo 7(B) 
taken under cross-polarized light.  White arrow denotes convex contact.  Black arrow 
denotes concave contact. 
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Fig. 8. Photomicrographs of visually estimated 10-20% pore space characteristic of Zone 
3 and intraclasts from Zone 2.  Photo 8(A) taken under plain polarized light.  Photo 8(B) 
taken under cross-polarized light.  Scale denotes 200 µm. 
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Fig. 9. Photomicrographs of visually estimated 20-30% pore space characteristic of Zone 
4 and Zone 1.  Photo 9(A) taken under plain polarized light.  Photo 9(B) taken under 
cross-polarized light.  Scale denotes 200 µm. 
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Fig. 10. Photomicrographs of visually estimated 30-40% pore space characteristic of the 
matrix from Zone 2.  Photo 10(A) taken under plain polarized light.  Photo 10(B) taken 
under cross-polarized light.  Scale denotes 200 µm. 
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