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ABSTRACT: Precambrian (1.4 to 1.5 Ga) granite and rhyolite in the St. Francois Mountains at the northeast corner of
the Ozark Plateau in Missouri has been altered down to a depth up to 8 meters below the Great Unconformity (the
contact between Paleozoic sedimentary rock and underlying Precambrian). Petrographic, geochemical, and
mineralogic data indicate that at least two events generated this alteration: 1) surficial weathering due to subaerial
exposure of the granite before Cambrian burial—this material is preserved as a paleosol; and 2) alteration due to
reaction with basinal fluids channeled along the unconformity from nearby sedimentary basins long after burial by
Paleozoic strata. To assess the variation between surficial weathering and basinal fluid alteration, we measured and
sampled for petrologic, geochemical, and mineralogic data in the rock at and just below the Great Unconformity at
three paleoelevations. Whole-rock geochemical oxide and X-ray diffraction data indicate that K-metasomatism and
highly crystalline illite occurred in each profile. The K increase reflects crystallization of authigenic feldspar and illite
from basinal fluids that were channeled along the Great Unconformity during younger Paleozoic fluid-flow events.
Each profile also exhibits an upward increase in altered feldspar crystals and highly crystalline kaolinite, and an
upward decrease in Ca and Na. Such changes reflect soil formation due to reaction with meteoric water before
Cambrian burial, indicating that the altered granite was a paleosol before Paleozoic basinal fluid-flow events. Notably,
the paleosol at the highest paleoelevation displays the least amount of paleoweathering and the paleosol at the lowest
displays the greatest amount of paleoweathering. These results demonstrate that not only can characteristics of the
paleosol just below the Great Unconformity be recognized in the St. Francois Mountains, despite subsequent
alteration, but also it is possible to detect variations in soil thickness that were controlled by slope steepness and,
therefore, water availability and/or soil creep or failure. This spatial relationship is compatible with studies of modern
soils which indicate that soil character varies with position on a slope.

INTRODUCTION

Formation of the Great Unconformity that separates Precambrian

crystalline basement from Phanerozoic sedimentary cover has been a

subject of renewed interest. Some researchers argue that tectonic uplift

related to the breakup of Rodinia resulted in the Great Unconformity and

the increased surface area of exposed crystalline rocks caused increased

weathering and removal of atmospheric CO2 (DeLucia et al. 2018),

supporting the siliciclastic weathering trigger for Snowball Earth

glaciations as proposed by Cox et al. (2016). In contrast, others suggest

that the Great Unconformity occurred as direct result of Snowball Earth

erosion (Keller et al. 2019), implying that silicate-weathering-induced CO2

drawdown may not have driven the glaciations. Timing of the formation of

the Great Unconformity not only is important for models of Snowball

Earth, but also has been used to explain the Cambrian explosion of

taxonomic diversity through changes in ocean chemistry during the

reworking of soil and regolith during Cambrian transgression across the

continents (Peters and Gains 2012). In this context, there has also been

renewed interest in identifying and characterizing paleosols, or soil profiles

that were formed at the ground surface and were then buried, preserved

below the Great Unconformity (Sutton and Maynard 1996; Medaris et al.

2018; Liivamägi et al. 2014; 2015).

Reconstruction of environmental conditions responsible for paleosol

formation in pre-Quaternary rocks is difficult, yet can be accomplished

through multi-proxy studies typically using some combination of field

relationships, petrography, geochemical analyses, and clay-mineral identifi-

cation (e.g., Sutton and Maynard 1996; Kraus 1997; Tabor et al. 2008;

Sheldon and Tabor 2009; Retallack and Dilcher 2012; Tabor and Myers

2015). Once the surficial weathering signal has been recognized, specific

controls on weathering—climate, biology, parent material, paleotopographic

relief, and duration of weathering during soil formation under subaerial

conditions—can be addressed (Birkeland 1984; Retallack 1990; Jenny 1994).

Unfortunately, in many locations, alteration related to soil formation

along the Great Unconformity has been overprinted by post-Cambrian

alteration of the basement below the Great Unconformity (e.g., Duffin

1989; Duffin et al. 1989; Sutton and Maynard 1996; Liu et al. 2003).

Recognizing the environmental conditions in which paleosols formed is
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challenging because the diagenesis and alteration by basinal fluid flow can

obscure the surficial weathering signals (e.g., Retallack 1986, 1991;

Rainbird et al. 1990; Sutton and Maynard 1992, 1993; Wright 1992;

Maynard et al. 1995). This challenge becomes more difficult when the

horizon has been buried to depths where elevated temperature and pressure

conditions, as well as interaction with deep-basin fluids, can result in

mineralogical changes within the weathering profile. Changing chemical

gradients cause clays to change due to the loss or addition of cations (e.g.,

Segonzac 1970; Millot 1971; van Moort 1973; Środoń et al 1992). For

example, the burial-induced release of potassium ions (Kþ) from

dissolution of K-feldspar may trigger the illitization of smectite (e.g.,

Hower et al. 1976; Blum 1994), thus obscuring the clay and framework

mineralogy at surface conditions. Basinal fluid-flow events, during which

fluids that have traveled at depth in basins where they increase in

temperature and salinity, and incorporate a variety of dissolved ions (e.g.,

Bethke 1985; Diehl and Goldhahaber 1989; Bethke and Marshak 1990;

Appold and Garven 1999; Bradley and Leach 2003; Simbo et al. 2019),

can subsequently leach or crystallize minerals in paleosols. Fluid conduits

created by permeability contrasts adjacent to paleosols can allow multiple

fluid-migration events, such that one fluid event can bring in K-rich fluids,

resulting in illite or K-feldspar crystallization, while the other fluid leaches

minerals (Diehl and Goldhaber 1989; Sutton and Maynard 1996; Driese et

al. 2007). Relative to their origin, fluid events may also result in

enrichment or mobilization of various trace elements (Blaxland 1974;

Macfarlane and Holland 1991; Sheldon and Tabor 2009), all of which

obscure the original geochemical and mineralogical signature of paleosols.

In this paper, we utilize a combination of field observations,

petrography, whole-rock geochemistry, and clay mineralogy to identify

original weathering and soil formation during the Cambrian at the Earth’s

surface preserved in Precambrian felsic igneous rocks at three exposures of

the Great Unconformity in the St. Francois Mountains, Missouri, a region

at the northeast corner of the Ozark Plateau in the central United States. We

distinguish the signature of surface weathering and soil formation from

diagenesis that resulted from basin fluid-flow events up to 240 million

years later. We then assess the potential controls on that Cambrian

weathering, and show that topography and associated steepness of slopes at

the time of weathering resulted in the different degrees of weathering

intensity observed. Finally, we comment on the overall character of

identified weathered profiles below the Great Unconformity across the

Midcontinent and the implications of incorporating the weathered material

to the oceans during Cambrian (Sauk) transgression.

GEOLOGIC CONTEXT

Geology of the St. Francois Mountains

Precambrian basement rocks of the St. Francois Mountains are among the

rare surface exposures of the Granite–Rhyolite Province (GRP), a broad

region of intrusive and extrusive felsic igneous rock that underlies the

Midcontinent from eastern New Mexico through southern Wisconsin and

Michigan (Fig. 1A). The province lacks lithological diversity, being

composed almost entirely of silicic volcanic rocks and epizonal granite,

with some minor local sedimentary and metasedimentary rocks (Thomas et

al. 1984; Barnes et al. 1999; Bickford et al. 2015). The GRP gets

progressively younger in the south, with the entire age span of igneous rocks

ranging from 1.32 to 1.48 Ga (Van Schmus and Bickford 1981; Thomas et

al. 1984). Based on the age progression, workers have divided the province

into an eastern GRP (typically 1.48 to 1.45 Ga) and a younger southern GRP

(typically 1.39–1.34 Ga) (Van Schmus et al. 1993, 1996). Trace-element

compositions suggest a within-plate derivation (Pearce et al. 1984) for the

GRP; however, a definitive tectonic setting remains to be determined.

The St. Francois Mountains, at the northeast corner of the Ozark

Plateau, provide exposures of the eastern GRP; outcrops consist of 1.47

Ga silicic volcanic rocks, mainly alkali rhyolite and ash-flow tuffs, and

epizonal granite (Fig. 2; Kisvarsanyi 1980). The Ozark Plateau is

FIG. 1.—A) Precambrian provinces in central North America. Modified from Van Schmus et al. (1996). Abbreviations: AM, Arbuckle Mountains; GP, Grenville Province;

GRP, Granite–Rhyolite Province; LF, Llano Front; MCR, Mid-Continent Rift; PO, Penokean Orogen; SFM, St. Francois Mountains; SOA, Southern Oklahoma Aulocogen;

SPM, Southern Precambrian Margin; THO, Trans-Hudson Orogen; WMP, Wichita Mountains Province; WP, Wyoming Province; YMP, Yavapai–Mazatzal Province. B)

Location of the St. Francois Mountains relative to tectonic elements and Mississippi Valley-type mineral districts of the midcontinent. Adapted from Shelton et al. (1992). Late

Cambrian paleolatitude is estimated from Scotese and Golonka (1992). Abbreviations: NA, northern Arkansas; OLB, Old Lead Belt; SFM, St. Francois Mountains; VT,

Viburnam Trend.
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FIG. 2.—Geologic map displaying Precambrian geology. Map was constructed by Kisvarsanyi (1980) using surface exposures and well penetrations.
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bordered on the northeast by the Illinois Basin, on the northwest by the

Forest City Basin, and on the south by the Arkoma Basin and the

Ouachita Mountains (Fig. 1B). The 1.47 Ga silicic igneous rocks form

the basement on which Late Cambrian strata of North America’s cratonic

platform were deposited.

The Great Unconformity in the St. Francois Mountains, and Alteration

Beneath It

The boundary between the Precambrian igneous rocks and overlying

Phanerozoic strata is the Great Unconformity (e.g., Karlstrom and

Timmons 2012; Peters and Gaines 2012; DeLucia et al. 2018); in the St.

Francois Mountains, the Great Unconformity (specifically, a nonconfor-

mity) represents a hiatus of about 950 million years. There is up to 600 m

of topographic relief on the Great Unconformity, indicating that at the

time of deposition of the Cambrian strata the region of the St. Francois

Mountains hosted small islands of crystalline rock rising from a shallow

epicontinental sea (Houseknecht and Ethridge 1978). A middle to late

Cambrian transgression deposited sediment of the Lamotte Sandstone in

lower topographic regions between the basement highs (Fig. 3; Gregg and

Shelton 1990; Thompson et al. 2013). Notably, some parts of the

Cambrian landscape of the St. Francois Mountains suggest that the

topography was fault controlled (Seeger and Palmer 1998). Where

surface slopes were steep, the Lamotte Sandstone abutted the Precam-

brian rocks at a buttress unconformity. Deposition of younger marine

strata, such as the Bonneterre Formation, eventually buried the

paleotopographic highs (Gregg and Shelton 1990). Zircon (U-Th)/He

thermochronologic dating suggest that exhumation to form the Great

Unconformity occurred at around 850–640 Ma, while apatite (U-Th)/He

and fission-track data indicate the entire region was buried in the early

part of the Phanerozoic to a depth at which temperatures could have

reached up to 1308C, and was then re-exhumed sometime between 225

and 150 Ma (DeLucia et al. 2018).

At exposures of the Great Unconformity, Precambrian igneous rocks

have undergone alteration. Notably, this alteration decreases in intensity

downward from the unconformity (Blaxland 1974). Previous studies have

documented the existence of ore mineralization in the altered zone below

the unconformity surface (Brown et al. 1989). This mineralization has been

attributed to late Paleozoic Mississippi Valley-Type (MVT) fluids that also

produced the lead–zinc ore districts adjacent to the St. Francois Mountains

(Bethke 1986; Leach and Rowan 1986; Brannon et al. 1992; Appold and

Garven 1999; Bradley and Leach 2003; Simbo et al. 2019). Other

researchers have also noted that K metasomatism generated authigenic

illite and K-feldspar near the unconformity surface (Duffin 1989; Duffin et

al. 1989; Sutton and Maynard 1996; Liu et al. 2003; Driese et al. 2007).

The overlying Cambrian Lamotte Sandstone has also experienced K

metasomatism (Diehl and Goldhaber 1989; Duffin 1989; Duffin et al.

1989). Using basement-penetrating cores, Sutton and Maynard (1996)

identified three alteration phases along the unconformity: Pre-Lamotte

hydrothermal alteration affecting only basement, Pre-Lamotte surficial

weathering, and Post-Lamotte hydrothermal and diagenetic events. K-Ar

and Rb-Sr dates from authigenic feldspar recovered from granite beneath

the Great Unconformity are 427 69 Ma and 436 Ma, respectively,

suggesting an older phase of fluids expelled from basins marginal to the

Acadian orogeny that predated the MVT fluids in the region (Hay et al.

2003; Liu et al. 2003). We also recognize pre-Lamotte soil formation and

post-Lamotte alteration. Our focus is on separating the consequences of

these events, and then on characterizing thickness variations of the pre-

Lamotte soil-forming event.

METHODS

Sampling

We sampled three outcrops in the SFM area (Figs. 2, 3). The first

location, labeled as Outcrop SF Scour (378 320 19.7 00 N, 908 490 24.4 00 W),

is located five kilometers north of County Road 206 near Ironton,

Missouri, by the Upper Reservoir dam. The site is an erosional scour that

stripped away the vegetation and much of the Cambrian strata (Fig. 4)

when the wall of the Taum Sauk Reservoir, which had been constructed as

part of a pumped-storage power plant, failed in 2005 (Seeger and

Wronkiewicz 2010). A few hundred meters downhill from the rebuilt Taum

Sauk Reservoir, the flood scour exposes fine-grained granite that exhibits

alteration in the upper few meters. Approximately 2 m of the upper part of

the bedrock was sampled (N ¼ 4), starting with a minimally weathered

granite, weathered granite, highly weathered and fractured granite, and a

grus interval. The second location, labeled as Outcrop SF 72 (378 330

59.4 00 N, 908 200 56.7 00 W), lies 43 km east of the SF Scour location, just

west of Fredericktown, Missouri, along Highway 72. At this location, a

roadcut exposes approximately 15 m of Precambrian rock and overlying

Cambrian strata (Fig. 5). Ten samples were gathered at each weathering-

intensity change or lithology change as observed in outcrop, along a 10 m

measured transect upward through the outcrop. The third location, labeled

as Outcrop SF 67 (378 420 17.2 00 N, 908 230 56.2 00 W), lies 15 km north of

SF 72. SF 67 is a roadcut along Highway 67. Six total samples were taken

along a roadcut starting with an unweathered coarse granite to the base of

the white, fine-grained Lamotte Sandstone (Fig. 6). The sampled interval is

~ 4 m thick. Thin sections were prepared for each sample gathered (N ¼
27). Petrography was performed to determine textural changes, with a

focus on the assessment of feldspar alteration products and physical

changes in feldspar grains with respect to depth.

XRF Methodology

X-ray fluorescence (XRF) was used to produce whole-rock geochem-

istry of each sample taken in the profiles. Samples (N¼ 19) were crushed

with mortar and pestle into a fine powder. To remove any calcium bound to

carbonate, samples were immersed in a 10% hydrochloric acid solution and

set on a hot plate at 40–508C. A separate set of untreated-by-acid samples

showed minimal variation in the non-calcium element distribution

(Pevehouse 2019), indicating that the acid treatment did not greatly affect

other minerals than carbonate. Samples were then subjected to loss-on-

ignition treatment, and then fused. XRF data was acquired on the fused

glass discs with a Thermo Scientific ARL Perform’X sequential XRF at

Texas Tech University using U.S. Geological Survey standards.

FIG. 3.—Schematic cross section across the St.

Francois Mountains demonstrating the Cambrian

onlap of Precambrian igneous rocks forming a

buttress unconformity. Modified from Gregg and

Shelton (1990).
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XRD Methodology

On the same 19 samples subjected to XRF analysis, data collection for

mineral identification was completed with X-ray-diffraction (XRD)

analysis using two fractions of the rock, a whole-rock fraction, and the

, 2 lm fraction, herein termed the clay fraction. XRD sample preparation

for the whole-rock fraction included hand-crushing samples into a fine,

consistent powder. Clay-fraction preparation included gently crushing the

sample into a coarse grain size and then using the Rotanta 460 RF

centrifuge to separate the clay-size material finer than 2 lm. After

separation by centrifuge, the clay fraction was put in beakers to settle for

~ 96 hours. Next, each sample was pipetted onto a glass disk and air dried

for ~ 48 hours. The whole-rock and clay fractions were analyzed with a

Bruker D8-Advanced diffractometer installed at Texas Tech University and

run with step scan parameters in the Bragg-Brentano geometry using CuKa
radiation. The measurement settings were 45 kV and 40 mA with sample

mounts scanned from 3 to 70 82h and from 3 to 30 82h for whole-rock and

clay fraction, respectively. Both measurements were done under air-dried

conditions and at a counting time of 2.5 s per 0.02 82h. A selected group of

samples was glycolated and run to illustrate the smectitic shift. Lastly, the

peaks of the XRD patterns were interpreted and compared with the whole-

rock geochemistry generated from XRF to ensure geologic fluidity. The

software used to analyze the XRD data was the Bruker EVA diffraction

suite.

CRITERIA USED TO ASSESS ALTERATION

Field Criteria for Recognizing Alteration

Outcrop-scale observations that help define alteration of Precambrian

rocks focused predominantly on the presence of regolith or of an altered

interval just below the Great Unconformity (Figs. 4, 5, 6). (Note that

‘‘alteration’’ in these outcrops includes both the consequences of

weathering at the time the Great Unconformity was forming, and

diagenesis due to basinal fluid flow at times during the Paleozoic.)

Regolith intervals contained clasts of the same composition as the

underlying rock body. Outcrop-scale paleorelief is manifested by the

presence of highs and lows in the elevation of the unconformity at the

outcrop; these variations have varying amplitudes that range from a few

meters at Outcrop SF 67 to up to about 100 m at Outcrop SF Scour. This is

illustrated when present regolith thins towards the top of local highs (Fig.

5).

Petrographic Criteria for Demonstrating Alteration

Petrographic observations useful to infer alteration or weathering

focused largely on the breakdown of feldspar minerals, which were then

assessed for alteration to clays as a function of height in the measured

profile. A petrographic point-count analysis (n ¼ 300) was done to

quantify alteration seen in thin section by quantifying the occurrence of

weakly weathered feldspar, highly weathered feldspar, and pore-filling

clay. Petrographic analysis also characterized normal modal mineralogy.

Weakly weathered feldspar crystals are defined as those grains that

display slightly irregular and clay-coated crystal boundaries, and contain

a minimal amount of clay in the crystal. Highly weathered feldspar

crystals are those that display highly irregular and significant clay coating

at crystal boundaries, and contain larger volume pockets of clay in the

crystal. Pore-filling clay is defined as clay found in fractures or in open

pores outside of crystals.

Geochemical Proxies for Recognizing Weathering

Our principal goal was to isolate the component of alteration observed

below the Great Unconformity that was due to weathering and soil

formation at the time the Great Unconformity was forming. To analyze the

geochemical data, we utilized a mass-balance approach, presented as tau

plots (e.g., Driese et al. 2007) to look for addition or loss of elements in the

weathered profile. Specifically, our mass-balance approach utilizes Al,

rather than Zr and Ti, as the immobile index element because Al has been

demonstrated to be more conservative than Ti during weathering of a

granite substrate and is more abundant than both Zr and Ti (Driese et al.

2007). Multiple proxies of weathering based on geochemical data have

been developed (e.g., Sheldon and Tabor 2009). The proxies utilized here

include the Chemical Index of Alteration (CIA), Chemical Index of

Weathering (CIW), and the ‘‘Clayeyness Index.’’ These are defined in

sequence below.

The CIA was developed by Nesbitt and Young (1982) to demonstrate

weathering through the relative abundance of labile to stable elements

common in silicate minerals:

FIG. 4.—Photographs of Outcrop SF Scour. A) Photograph taken near the mouth of the scour to demonstrate the character of the nonconformity. Note the flat-lying

Bonneterre Formation in the background and the pink knobs of Precambrian labeled as PC, which protrude through gray carbonate of the Bonneterre Formation. B)

Photograph taken a few hundred meters downhill from the Tom Sauk dam. Here the water from the failed dam stripped away the Cambrian strata, exposing fresh granite

(foreground) and weathered granite forming the yellow coloring in background (labeled as grus).
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CIA ¼ 100 3
Al

Al þ Caþ K þ Na
ð1Þ

For reference, pristine granite, average shale, and pure kaolinite have

CIA values of 50, 70, and 100, respectively. In weathered profiles, CIA

values should increase upward directly related to an increase in chemical

weathering (Sheldon and Tabor 2009).

Potassium can be added to weathering profiles long after cessation of

weathering. To assess the potassium addition problem, the CIW (Harnois

1988) or CIA-K (Maynard 1992), was developed to evaluate the

relationship of aluminum relative to calcium and sodium:

CIW CIA� Kð Þ ¼ 100 3
Al

Al þ Caþ Na
ð2Þ

Clayeyness (Al/Si) is a proxy used to gauge the amount of clay. The index

displays an increase in aluminum concentration relative to silica content

when clay minerals are more abundant in weathering profiles. A secondary

check on this index is the measurement of total clay from XRD analyses.

RESULTS

Outcrop SF 67

Field Observations.—Outcrop SF 67 contains a base of pristine, pink-

gray, coarse-grained biotite granite (Fig. 6) with , 10-cm-diameter

enclaves of diorite. A regolith interval occurs above the Precambrian

granite consisting of poorly sorted granite cobbles, pebbles, and granules

surrounded by a finer mud matrix and has an overall reddish color (Fig. 7).

An interval characterized by potentially weakly developed bedding planes

scours into the regolith interval, and is herein referred to as ‘‘granite wash.’’

The overlying Lamotte Sandstone consists of white fine-grained sandstone

with local lenses of granules (Fig. 6). Exposed relief on the Great

FIG. 6.—A) Photograph of upper part of Outcrop 67 displaying weathered granite at base of section overlain by beds of Lamotte Sandstone. Jacob’s staff is 1.5 m tall. B)

Relatively pristine granite at 0.75 m above base section.

FIG. 7.—Stratigraphic section and associated geochemical data of Outcrop SF 67. White line in profile sketch indicates location of the Great Unconformity. Mass-balance

plots (or tau plots) of various alkali metals indicate the amount of elemental loss or gain during weathering versus depth. Plots use Al as the immobile element, similar to

Driese et al. (2007). Negative values in the tau plots indicate net loss, whereas positive values indicate net addition of that element. Density of material for mass-balance

calculations was determined by the wax-clod method (Blake and Hartge 1986).
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Unconformity surface is approximately 2 m. Dimensionless slope of the

top of the Precambrian rock surface, calculated as the ratio of the rise over

the run measured from the relief expressed at the outcrop, is 0.025. There

is no way to assess the three-dimensional architecture of the Great

Unconformity at this location. However, given that the outcrop occurs in a

generally flat plain alongside Highway 67 it is unlikely that the slope out of

the plane of the outcrop would change appreciably.

Petrography.—Thin sections demonstrate that samples at a depth of

approximately 2 m from the contact contain coarse (~ 5-mm-long)

feldspar grains that are only weakly weathered. These feldspars have

clearly defined crystal boundaries and contain only a small amount of clay

(Fig. 8). Going upwards, toward the unconformity, crystal boundaries of

feldspar crystals progressively become irregular, clay in the feldspar

becomes more abundant, and pores outside of the feldspar are filled with

FIG. 8.—Photomicrographs of Outcrop SF 67. All images acquired at 23 magnitude in plane-polarized light. Abbreviations: pfc, pore-filling clay; wwf, weakly weathered

feldspar; hwf, highly weathered feldspar. A) Deepest sample (SF67-1) in the section demonstrating weakly weathered feldspar. B) SF67-2 demonstrating clay alteration in

feldspar. C) SF67-3 demonstrating weakly weathered feldspar, highly weathered feldspar, and pore-filling clay. D) SF67-4 demonstrating highly weathered feldspar and

abundant pore-filling clay. Note that the sample was taken from just below the Great Unconformity. E) SF67-5 displaying predominant pore-filling clay. Sample was taken from

the sedimentary strata directly above the Great Unconformity and referred to as granite wash. F) SF67-6 taken from the Lamotte Sandstone overlying the nonconformity surface.
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clay. Point-count analysis demonstrates that the percentage of highly

weathered feldspar and the percentage of pore-filling clay greatly increase

upwards through the section, while inversely the amount of weakly

weathered feldspar decreases upwards (Fig. 9).

Whole-Rock Geochemistry.—XRF data on whole-rock major oxides

and selected trace elements for Outcrop SF 67 (Table 1) demonstrate

progressive changes in elemental abundance from the base to the top of the

sampled section. Mass-balance analysis of elemental proportions through-

out profile indicate that Ca and Na approach a 100% loss at the top of the

profile relative to the basal sample (Fig. 7). Mg demonstrates a net loss of

approximately 75% relative to the base, but it shows a slight uptick just

above the Great Unconformity. Alternatively, K demonstrates a nearly

100% increase from the base to just below the Great Unconformity, but

decreases drastically, relative to the base, in the sample just above the Great

Unconformity.

Weathering indices were plotted against depth (Fig. 7). The CIA values

remain below 60 beneath the Great Unconformity but increase to values

over 90 in the granite wash. The CIW, which does not utilize potassium,

progressively increases from approximately 75 at the base of the outcrop to

100 in the regolith and granite-wash intervals. Clayeyness index generally

increases upward, with the highest value in the granite-wash interval.

FIG. 9.—A) Harker diagram (Na:Ca-Al-K ternary diagram) demonstrating the addition of K through metasomatism. B) Ternary diagram displaying the relative percentages

of highly weathered feldspar, weakly weathered feldspar, and pore-filling clay. Data were derived from point count (n¼ 300) of thin sections. In both Parts A and B, each

profile is plotted by color with the darkest color the deepest sample and the lightest color the shallowest sample. Dashed lines link each profile data. In Part B, note the

relatively simple progression of Outcrops SF 67 and SF Scour away from weakly weathered join as samples get shallower. Outcrop SF 72 demonstrates a more complex signal,

which is likely related to abundant fracture porosity in the profile (see Fig. 5).

TABLE 1.—Whole-rock XRF oxide data (wt. %) and selected trace elements (ppm).

Sample1 SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Ba Cr Cu Ni Sr V Zn Zr LOI Sum

SF67-5 68.7 0.3 20.9 4.4 0.0 0.6 0.0 0.0 1.9 0.1 144 14 0 10 313 13 23 183 15.2 96.6

SF67-4 72.8 0.1 14.1 0.5 0.0 0.5 0.0 0.0 9.9 0.1 952 4 2 2 186 1 18 81 4.5 97.9

SF67-3 81.3 0.3 9.9 0.1 0.0 0.4 0.2 2.1 4.5 0.0 304 4 0 3 38 5 3 208 1.1 98.8

SF67-2 71.6 0.2 14.8 0.2 0.0 0.4 0.2 3.8 5.7 0.0 828 1 0 0 124 3 1 156 1.5 97.0

SF67-1 78.5 0.2 11.3 0.1 0.0 0.4 0.4 3.2 4.0 0.0 363 3 0 2 123 4 2 206 0.9 98.2

SF72-6 81.1 0.4 9.6 0.3 0.0 0.5 0.0 0.0 7.1 0.3 441 9 0 7 319 18 0 466 1.8 99.2

SF72-5 78.1 0.2 12.2 0.6 0.0 0.4 0.0 0.1 6.6 0.0 168 3 0 10 0 1 0 828 4.0 98.2

SF72-4 78.0 0.1 10.7 1.0 0.0 0.5 0.0 0.0 9.0 0.0 164 4 0 0 0 1 8 278 2.9 99.2

SF72-3 79.5 0.1 10.3 0.1 0.0 0.4 0.0 0.0 8.7 0.0 177 4 0 9 0 0 0 374 1.1 99.0

SF72-2 77.3 0.2 11.7 0.2 0.0 0.5 0.0 2.7 5.5 0.0 162 3 0 2 0 0 0 473 1.5 98.0

SF72-13 77.0 0.2 11.2 3.0 0.0 0.6 0.0 4.1 2.8 0.0 48 8 0 7 0 2 18 815 5.1 98.9

SF72-12 77.5 0.1 11.3 1.3 0.0 0.5 0.0 2.0 6.0 0.0 129 5 0 6 0 0 3 411 2.5 98.8

SF72-11 77.5 0.2 11.7 0.8 0.0 0.7 0.0 4.0 3.0 0.0 108 5 0 12 3 2 17 802 2.8 98.0

SF72-10 77.7 0.2 10.9 2.3 0.0 0.6 0.1 3.4 3.5 0.0 59 6 0 2 0 1 8 447 5.5 98.7

SF72-8 76.7 0.2 11.4 1.6 0.0 0.4 0.0 2.7 5.4 0.0 115 5 0 1 0 0 8 253 2.8 98.4

SFSCOUR-5 71.6 0.4 15.1 0.3 0.0 0.5 0.0 0.0 9.7 0.0 1021 0 0 0 26 11 0 547 2.7 97.4

SFSCOUR-3 70.6 0.3 15.0 0.3 0.0 0.5 0.0 0.0 11.3 0.0 1637 0 1 0 21 8 0 478 2.1 97.9

SFSCOUR-4a 75.6 0.3 14.1 0.1 0.0 0.4 0.0 0.0 7.2 0.0 1602 0 0 0 6 8 0 478 2.6 97.5

SFSCOUR-4b 76.6 0.3 12.1 0.1 0.0 0.4 0.1 2.7 5.5 0.0 1300 0 0 1 48 6 0 477 1.1 97.8

1 Samples are ordered by height above base in measured sections
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Whole-Rock and Clay Mineralogy.—Outcrop 67 exhibits a whole-

rock mineral composition dominated by quartz, microcline, and albite (Fig.

10A). Minor chlorite is present in a few basal samples. Kaolinite is also a

minor phase of the whole-rock mineral composition and is expressed in

multiple samples. In sample SF 67-5, kaolinite is very abundant and has a

high degree of crystallinity, as manifested by a kaolinite crystallinity index

(KC; Kübler 1967) that ranges from 0.25 to 0.33. The clay-fraction peaks,

focused from 0 to 30 82h, show the dominance of kaolinite in this section,

which steadily increases in crystallinity and counts upwards in the section

(Fig. 10B). This increasing kaolinite trend has an inverse relationship with

the amount of microcline and albite present in the sample. Illite is readily

apparent in the clay fraction and increases in illite crystallinity values (IC;

Kübler 1967) of 0.33 at the base to 0.24 at the top of the profile. Illite also

increases in abundance steadily from the deepest sample, up through the

section. Using the reference intensity ratio (RIR) of clay minerals, which

scales all known ratios to a common reference (Zhou et al. 2018), the

abundances of clay phases through the profile ranged from 2–5% at the

base of the section to 9–13% at the top of the section.

Outcrop SF 72

Field Observations.—Outcrop SF 72, a roadcut along Highway 72,

provides an approximately 8-m-thick section of granite and regolith

beneath the Great Unconformity (Fig. 11). Solid granite forms the basal 6

m of the section. It is overlain by an up to 2-m-thick regolith interval

composed of granite cobbles in a matrix of clay and sand (Fig. 5). The

regolith is overlain by the Lamotte Sandstone, composed of subangular to

angular granules with beds commonly composed of internal planar

laminae. Beds of the Lamotte Sandstone onlap the regolith interval, so the

contact defining the Great Unconformity here is a buttress unconformity

(Fig. 5). Relief on the Great Unconformity is approximately 4–5 meters.

Dimensionless slope of the Great Unconformity as calculated from the

two-dimensional relief expressed on the outcrop is 0.05. There is no

appreciable change in the corresponding exposure on the north side of

Highway 72 that would indicate out-of-plane changes to that slope.

Petrography.—The basal sample from Outcrop SF 72 is a medium- to

coarse-grained amphibole granite composed of large euhedral feldspar

crystals set in a finer matrix (Fig. 12). Crystal boundaries are well defined

in the lowest part of the section and increasingly become irregular and clay

coated upwards in the section (cf. Fig. 12A, E). The point-count analysis

for Outcrop SF 72 displays a general upward increase in highly weathered

feldspar with minor upward increases in pore-filling clay (Fig. 9).

Whole-Rock Geochemistry.—Mass-balance analysis of elemental

proportions indicate that Ca and Na were depleted by nearly 100% from

the basal sample to just below the Great Unconformity (Fig. 11). In

contrast, K and Mg increase upward by about 50% from the basal sample.

However, the increase in Mg and K is not constant; rather, the K trend first

demonstrates a decrease and does not demonstrate an increase until about

3.5 m below the Great Unconformity (Fig. 11). On the other hand, Mg

concentrations are elevated from about 1 to 4 m above the basal sample

before decreasing in the upper third of the section. The increase in Mg is

likely due to the presence of smectite, whereas the increases in K are likely

due to authigenic illite and potassium feldspar crystallization, as denoted

by XRD data below. The CIA does not show a clear trend through the

section, but always remains below 65, whereas the CIW increases upward

from 75 at the base to near 100 in the regolith and the uppermost

crystalline granite (Fig. 11). The clayeyness index is relatively constant

through the section.

Whole-Rock and Clay Mineralogy.—The whole-rock data from XRD

displays main phases of quartz, albite, and some K-feldspar (Fig. 13A). In

the clay fraction, minor kaolinite occurs in the regolith interval. The clay

fraction also contains a significant smectitic component in samples

recovered from the crystalline granite (Fig. 13B). The smectite component

contains both mixed-layer illite–smectite as well as discrete smectite (Fig.

13C). The RIR-based clay mineral estimates from the whole-rock XRD

pattern stay around 3% or less throughout the section of Outcrop SF 72 but

increase in two samples (SF 72-2 and SF 72-11) to about 7%. These

changes correlate with an increase in the proportion of smectite. Elevated

FIG. 10.—X-ray-diffraction data from Outcrop SF 67 with A) indicating the whole-rock fraction and B) indicating the clay fraction.
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FIG. 11.—Stratigraphic section and associated

geochemical data of Outcrop SF 72. White line in

profile sketch indicates location of the Great

Unconformity. Mass-balance plots (or tau plots)

of various alkali metals indicate the amount of

elemental loss or gain during weathering versus

depth. Plots use Al as the immobile element,

similar to Driese et al. (2007). Negative values in

the tau plots indicate net loss, whereas positive

values indicate net addition of that element.

Density of material for mass-balance calculations

was determined by the wax-clod method (Blake

and Hartge 1986).
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occurrences of smectite in the profile coincide with areas of high-density

fracture networks in outcrop (Fig. 5).

Outcrop SF Scour

Field Observations.—This section is the thinnest (~ 2 m) of the three

outcrops (Fig. 14). The amphibole granite is fine-grained and exhibits

brownish hues at the base with increasingly more grey-brown hues upward

through the section. The granite is capped by a yellow-white interval of

highly weathered granite (Fig. 4). Relief on the Great Unconformity is

measured here at around 115 m based on elevation of granite outcrops

towards the terminus of the scour and the elevation of the sampling site.

Dimensionless slope calculated from the exposed crystalline basement at

Outcrop SF Scour is 0.2, which is an order of magnitude steeper than the

FIG. 12.—Photomicrographs of Outcrop SF 72 taken at 23 magnitude with plane-polarized light. Abbreviations: pfc, pore-filling clay; wwf, weakly weathered feldspar;

hwf, highly weathered feldspar. A) Deepest sample (SF72-8) in the stratigraphic section displaying predominantly weakly weathered feldspar. B) SF72-10 displaying weakly

weathered feldspar, highly weathered feldspar, and pore-filling clay. C) SF72-11 demonstrating highly weathered feldspar and pore-filling clay. D) Highly weathered feldspar

in sample SF72-12. E) Highly weathered feldspar and pore-filling clay in sample SF72-13. F) Predominantly highly weathered feldspar and pore-filling clay in sample SF72-5

(regolith interval).
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other studied outcrops. The exposure in the flood scour allows calculation

of maximum slope.

Petrography.—In thin section, samples from the base of the scour

outcrop display a porphyritic (K-feldspar) texture with a subidomorphic

granular groundmass (Fig. 15). Upwards in section, feldspar crystal

boundaries become increasingly irregular, internal crystal fracturing

increases, and pore-filling clay increases. Point-count analysis indicates a

decreasing upward trend of weakly weathered feldspar crystals (Fig. 9). In

contrast, the percentage of pore-filling clay and highly weathered feldspar

increase upward through the section.

Whole-Rock Geochemistry.—Mass-balance analysis demonstrates

variability in the alkali metals upward through the section (Fig. 14). Mg

remains relatively constant through the section, but Ca and Na are depleted

by 100% relative to the base by about 0.5 m above the base of the section.

FIG. 13.—X-ray diffraction data from Outcrop SF 72 with A) indicating the whole-rock fraction, B) indicating the clay fraction, and C) indicating the data from the clay

fraction after glycolation (EG) and air dried (AD).
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FIG. 14.—Stratigraphic section and associated geochemical data of the Outcrop SF Scour. White line in profile sketch indicates location of the Great Unconformity. Mass-

balance plots (or tau plots) of various alkali metals indicate the amount of elemental loss or gain during weathering versus depth. Plots use Al as the immobile element, similar

to Driese et al. (2007). Negative values in the tau plots indicate net loss, whereas positive values indicate net addition of that element. Density of material for mass-balance

calculations was determined by the wax-clod method (Blake and Hartge 1986).

FIG. 15.—Photomicrographs of Outcrop SF Scour. All images acquired at 23 magnitude with plane-polarized light. Abbreviations: pfc, pore-filling clay; wwf, weakly

weathered feldspar; hwf, highly weathered feldspar. A) Deepest sample in the profile (SFScour-4B) displaying weakly weathered and highly weathered feldspar. B) Highly

weathered feldspar with some pore-filling clay in sample SFScour-4A. C) Highly weathered feldspar and pore-filling clay in sample SFScour-3. D) Predominantly pore-filling

clay and highly weathered feldspar in sample SFScour-5.
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K increases in abundance by about 50% upward through the section. CIA

is variable between 57 and 66 but generally fluctuates around 60 and does

not display a clear trend. The CIW sharply increases upward from around

85 at the base to 100 coinciding with the loss of Ca and Na. The clayeyness

index remains relatively constant but decreases slightly towards the base of

the section.

Whole-Rock and Clay Mineralogy.—XRD patterns of whole-rock

indicate that quartz and K-feldspar are abundant throughout the section,

while minor phases include mica and kaolinite (Fig. 16A). Kaolinite occurs

in all samples except sample SF Scour-3. Mica is present only in the basal

and top samples of the profile. In the clay fraction, illite and kaolinite are

the major phases (Fig. 16B). Kaolinite is highly crystalline (KC: 0.14–

0.29) and abundant, and is the dominant clay mineral except for sample SF

Scour-3, where illite is more abundant. Illite is also highly crystalline (IC:

0.24–0.33). Both kaolinite and illite generally increase upward the section.

RIR-based estimation of the abundance of clay minerals is around 7% of

the sample throughout the section with a slight decrease in sample SF

Scour-3.

DISCUSSION

Alteration of Precambrian rocks below the Great Unconformity, in the

St. Francois Mountains and elsewhere, has been a subject of study for

many years (Blaxland 1974; Brown et al. 1989; Duffin 1989; Duffin et al.

1989; Sutton and Maynard 1996; Liu et al. 2003; Driese et al. 2007;

Liivamägi et al. 2014, 2015; Medaris et al. 2018). Most previous studies

have argued that the predominant alteration signal in the St. Francois

Mountains and in nearby areas in the Illinois Basin is due to basinal fluids

flowing through the Lamotte Sandstone and interacting with the upper part

of the Precambrian basement (Diehl and Goldhaber 1989; Sutton and

Maynard 1996; Appold and Garven 1999; Liu et al. 2003). Regional-scale

fluid-flow events, during which groundwater follows long flow paths to the

floor of sedimentary basins and into the basement crystalline rocks below,

have been documented throughout the Midcontinent and have been

attributed to a variety of phenomena, including, the ‘‘squeegee effect,’’

when fold-thrust belts of the Appalachian–Ouachita orogens applied

vertical loads to basins and caused compaction (Oliver 1986), compaction

in response to burial (e.g., Bethke 1985), and hydrostatic head generated

when regions surrounding a basin undergo tectonic uplift (e.g., Bethke and

Marshak 1990; Bradley and Leach 2003). Most current researchers favor

hydrostatic head as the driver of fluid flow.

Several lines of evidence indicate that a significant flow event(s)

occurred in the late Paleozoic when fluids passing through the Illinois

Basin and the Arkoma Basin discharged along the basin margins, resulting

in significant alteration as well as precipitation of MVT ore deposits, some

of which occur in the St. Francois Mountains (Bethke 1986; Leach and

Rowan 1986; Appold and Garven 1999; Simbo et al. 2019). The brines

associated with MVT deposits in the St. Francois Mountains likely came

from the Arkoma Basin during and after the Late Pennsylvanian to Early

Permian Ouachita orogeny (Leach and Rowan 1986; Bethke and Marshak

1990; Appold and Garven 1999; Appold and Nunn 2005; Bradley and

Leach 2003; Simbo et al. 2019). Ore deposits in the St. Francois Mountains

are related to the Viburnum Trend-type and Tri-State-type fluids (Viets and

Leach 1990). The Viburnum Trend-type fluid is a K-rich fluid that typically

utilized the basal Lamotte Sandstone as the conduit. The Tri-State-type

fluids have low K and generally flowed through carbonate rocks, like the

Bonneterre Formation (Viets and Leach 1990; Bradley and Leach 2003;

Simbo et al. 2019). A basinal fluid-flow event affected the region during

the Late Devonian to Early Mississippian, as indicated by K-Ar and Rb-Sr

dating of authigenic feldspar, where fluids are inferred to have been

expelled from basins marginal to the Acadian Orogeny, including the

Illinois and Michigan basins (Hay et al. 1993; Liu et al. 2003). This fluid-

flow event could also have been related to tectonically driven uplift, for

detailed stratigraphic studies demonstrate that uplifts did develop in the

Midcontinent during the Late Devonian and Early Mississippian (Nelson

and Marshak 1996).

Studies of the sub-Great Unconformity rocks in other locations across

the midcontinent, such as Wisconsin, have shown that ground-surface

weathering at the time the Great Unconformity was developing substantial

soils, preserved as paleosols, in basement rocks (e.g., Driese et al. 2007;

Medaris et al. 2018; Liivamägi et al. 2014, 2015). Paleosols have distinct

signatures. For example, during steady-state weathering of granite

substrates at the ground surface, plagioclase breaks down first, followed

by K-feldspar (Nesbitt et al. 1997). In the St. Francois Mountains, this

weathering has been obscured by the Paleozoic basinal fluid-flow events.

Nevertheless, Sutton and Maynard (1996) and Driese at al. (2007)

identified a phase of alteration in the Precambrian granite that they

ascribed to weathering at the surface before Lamotte deposition. Those

papers documented the occurrence of surficial weathering and did not

chiefly address controls on the weathering signal and associated

environmental conditions. Below, we use our observations to identify

and distinguish between consequences of Paleozoic basinal-flow events,

which channeled deep-basin brines through materials adjacent to the Great

Unconformity, and the preexisting weathering profile due to soil formation,

when Precambrian bedrock was exposed during the Late Proterozoic and

Early Cambrian. Our results confirm that the consequences of pre-Lamotte

soil-forming process can still be detected beneath the Great Unconformity

in the St. Francois Mountains. We also use variations in the character and

thickness of paleosols to assess the potential controls on weathering and

associated environmental conditions.

Evidence for Post-Lamotte Sandstone Alteration, due to Basinal Fluid

Flow

If the alteration observed at our three study areas were due exclusively to

weathering at the ground surface during the Cambrian, Ca, Na, and K

should decrease upward through a weathered profile (e.g., Nesbitt et al.

1997). At all three of our study sites, Ca and Na do decrease upwards and

approach zero in the upper part of the profile. K, however, increases

upward in each of the profiles and reaches ~ 50–100% increase just below

the Great Unconformity relative to the base at all studied sites (Figs. 7, 11,

14). The K increase in each profile is consistent with K metasomatism

trends in CA:NA-Al-K space (Fig. 9A). Sutton and Maynard (1996) and

Driese et al. (2007) also found K-enrichment beneath the unconformity

surface in wells taken largely to the east of our study sites, and Diehl and

Goldhaber (1989) found authigenic feldspar crystallization in the Lamotte

Sandstone throughout southeast Missouri and northeast Arkansas. In our

study, petrographic analysis was not able to detect large crystals of

authigenic feldspar, but the clay-fraction XRD data demonstrate an

abundance of clay-fraction feldspar potentially representing an authigenic

component of feldspar, a conclusion similarly reached by Liu et al. (2003).

Illite occurs in each of the studied profiles (Figs. 10, 13, 16). For illite to

form, a source of available potassium is needed. Commonly, the potassium

source is the breakdown of potassium feldspar (e.g., Hower et al. 1976;

Smith 1994), which is present in the granite substrate. Liberation of

potassium from the dissolution of feldspar does not add K to the system; it

only redistributes K and thus cannot explain the upward increase in the

element below the Great Unconformity. Average seawater K values are also

not elevated enough to produce illitization of smectite or crystallization of

discrete illite (Drief et al. 2002). Therefore, the overall increase in amount

of K that we observe at our three study sites requires a source other than

feldspar or seawater, so the observation of a K increase is easiest to

reconcile by invoking the influx of far-field K-rich fluids during the late

Paleozoic MVT deposit-forming event (Bethke 1986; Leach and Rowan

1986; Brannon et al. 1992) or to an older Late Devonian–Early
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FIG. 16.—X-ray-diffraction data from Outcrop

SF Scour with A) indicating the whole-rock

fraction and B) indicating the clay fraction.
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Mississippian basinal fluid-flow event (Hay et al. 1993; Liu et al. 2003).

The sporadic occurrences of illite present in all three outcrops are related

either to illitization of smectite or authigenic crystallization of illite from

K-rich brines. Since only highly crystalline illite with no evidence of a

smectite precursor is observed at Outcrops SF 67 and SF Scour, it is most

likely that illite crystallized directly from the K-rich brines, and thus

postdates Lamotte Sandstone deposition.

In the section at Outcrop SF 72, smectite and illite–smectite are the most

abundant clay minerals, with minor amounts of kaolinite at the base and

top of the section. High occurrence of smectite appears near high-density

fractured areas of Precambrian basement at Outcrop SF 72 (Fig. 5),

implying that the constrained fluid flow in those fractures may have

enhanced the process of smectite formation from pre-existing 10 Å clay

phases (Chamley 1989; Šucha et al. 2001). Mixed-layer illite–smectite also

occurs in samples taken from the highly fractured zones and presumably

represent a transitional stage in illite degradation (Buey et al. 1998).

Notably, a 3-meter diabase dike of Precambrian age cuts through Outcrop

SF 72. Smectite—especially the trioctahedral variety—readily forms

during weathering of pyroxene in mafic bodies (Schott et al. 1981; Velbel

and Barker 2008). Chemical alteration of pyroxene in the diabase dike,

either at the ground surface during the Cambrian before or during basinal

fluid-flow events, could have produced the smectite, which then infiltrated

the network of fractures in the underlying granite. The timing of smectite

crystallization, unfortunately, is not clear, and unraveling basin or surface

smectite formation was not determined over the course of this project.

Regardless of when the smectite formed, the illite–smectite species resulted

long after burial of the Great Unconformity.

Burial transformation of smectite to illite is an alternative to invoking

far-field fluid flow events for the presence of illite–smectite and illite. In

the St. Francois Mountains, post-Lamotte burial temperatures are

constrained between 50 and 1308C and reached maximum burial depth

probably sometime in the late Paleozoic before exhumation sometime

between 150 and 225 Ma (DeLucia et al. 2018). Fluid-inclusion data from

coevally formed authigenic feldspar in granite beneath the Great

Unconformity in Wisconsin indicates a fluid-homogenization temperature

suggesting minimum temperatures ranging from 94 to 1238C (Liu et al.

2003). These temperatures overlap with the smectite-to-illite burial

transition (Środoń et al. 2000; Dong 2005) potentially indicating that the

I-S layers observed at Outcrop SF 72 could have been produced during

burial. However, this interpretation implies that the smectite precursor at

Outcrops SF 67 and SF Scour had completely transitioned to illite, while

Outcrop SF 72 preserved mostly illite–smectite and pure smectite. Given

similar burial conditions across these relatively closely spaced sites, burial

diagenesis should be more consistent, and it is difficult to reconcile the

variations in clay mineralogy through a burial-diagenesis model.

Therefore, the preferred interpretation is that the illite–smectite species

observed only at Outcrop SF 72 formed during the far-field fluid-flow

events, and the precursor smectite resulted from alteration of the diabase

dike that cuts through the same outcrop.

Evidence for Pre-Lamotte Weathering and Soil Formation

Because each profile records K metasomatism (Fig. 9A), geochemical

weathering proxies that omit potassium (i.e., CIW) are utilized to assess a

surficial weathering signal at Earth’s surface. Utilizing CIW for each

profile (Figs. 7, 11, 14), an upward increase is observed that reflects the

loss of Ca and Na and ignores the effects of metasomatism. Samples from

Outcrop SF Scour indicate a less gradual upward increase than occurs at

Outcrops SF 67 and SF 72. This is likely due to sampling only the upper

part of the weathered profile at Outcrop SF Scour; if deeper sampling had

been possible, a more gradual trend might behave been detected.

Regardless, the CIW weathering proxy produces trends in each profile

that are consistent with a weathered profile.

In the three profiles, kaolinite is present and generally increases in

abundance up through the profile (Figs. 10, 13, 16). Because kaolinite is a

common in situ weathering product in humid and warm environments or

highly leachable zones (Nesbitt and Young 1984; MacFarlane and Holland

1991; Ghergari and Onac 2001; Sheldon and Tabor 2009), its presence

implies that there was warm and humid weathering before Cambrian

deposition, as was observed in Cambrian paleosols in Wisconsin (Medaris

et al. 2018). In Outcrops SF 67 and SF Scour, kaolinite composes most of

the clay fraction and increases in crystallinity and percentage upwards

through the section. In Outcrop SF 72, minor amounts of kaolinite occur at

the base and top of the section; however, the clay mineralogy of the section

is dominated by smectite and illite–smectite, which is inferred to be the

product of illite degradation by the K-rich fluid flow events. The persistent

occurrence of kaolinite and the increase in crystallinity and abundance

upward is consistent with a weathered profile.

Petrographic analysis of each profile demonstrates that feldspar is

increasingly more altered and pore-filling clay generally more abundant

upward in each section (Fig. 9B). Thin-section observations in Outcrop SF

67 show a relative increase of pore-filling clay upwards in the section as it

fills most fractures (Figs. 8, 9), and feldspar crystal boundaries become

increasingly irregular upwards. In Outcrop SF 72, the basal sample of

granite has well-defined crystal boundaries (Fig. 12). Fractured crystals are

very apparent deep in the section, but pore-filling clay is not observed until

the middle of the section in sample SF 72-2. Pore-filling clay occurs much

higher in the section. In Outcrop SF Scour, feldspar crystals are weathered

at the base of the section and become more intensely weathered upwards

(Fig. 15).

Taken together, the data indicate that feldspar crystals in granite were

increasingly weathered closer to the Great Unconformity, as demonstrated

by the loss of Ca and Na and the chemical destruction of the feldspar

crystals. The resultant weathering product of the feldspar degradation was

kaolinite, indicating that meteoric water percolated down through a

weathered profile before the deposition of the Lamotte Sandstone. Our

results confirm those of Sutton and Maynard (1996) and Driese et al.

(2007), who also found evidence for a pre-Lamotte weathering event below

the Great Unconformity in the St. Francois Mountains.

Possible Causes for Variations in the Character of Weathering Profiles

Notably, each of the weathered profiles at the studied outcrops displays

different intensities of weathering, a result also highlighted in the Sutton

and Maynard (1996) study. Variables that influence the degree of

weathering at the Earth’s surface include microbe activity, parent material,

duration of weathering event, topographic relief, and climate (i.e.,

precipitation and temperature) (e.g., Birkeland 1984; Jenny 1994). We

consider each of these controls below, to see which could explain the

contrasts that we observed.

Microbiologic Controls.—Given the Cambrian age of the observed

weathering profiles, variations in land-plant ecology would not have played

a role in controlling weathering profiles. Microbes, however, did exist and

would have played a role in mineral breakdown and soil development

(Boyle and Voigt 1973; Bonneville et al. 2016; Cuadros 2017).

Unfortunately, it is difficult to assess microbial communities in ancient

rocks.

Parent Material.—Composition of parent rock for soil formation

results in varying depths of weathering and latent chemical signatures of

the weathering profile (Nesbitt and Young 1984; Nesbitt et al. 1997;

Sheldon and Tabor 2009; Bazilevskaya et al. 2013). The parent material

(granitic rock) at the three outcrops we studied were nearly compositionally

identical to each other. Outcrops SF Scour and SF 72 exposed amphibole-

rich granite and Outcrop SF 67 exposed biotite-rich granite and granophyre
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(Fig. 2), so variation in the parent material was not likely to be a major

control on weathering observed in the profiles of this study.

Climate.—During the early Cambrian, the region that is now the St.

Francois Mountains was situated in relatively low latitudes (108 to 208 S),

and was surrounded by shallow epeiric seas, as indicated by the presence of

Cambrian shallow-water carbonate rocks throughout the midcontinent

(Ziegler et al. 1979; Scotese and Golonka 1992; Pisarevsky et al. 2008).

Since our study area was less than 60 km wide, it seems unlikely that

precipitation and temperature would have varied significantly across the

area, unless there was a major orographic barrier or elevation-controlled

temperature variation. The 600 m of paleorelief observed in the St.

Francois Mountains (Fig. 15; Houseknecht and Ethridge 1978; Kisvarsanyi

1980; Gregg and Shelton 1990; Sutton and Maynard 1996), was probably

too low to act as an orographic barrier (Figs. 3, 17).

Duration of Weathering.—The duration of atmospheric exposure is a

strong control on paleosol development in a weathering profile. With all

other controls being equal, longer exposure results in better-developed

soils. The timing of soil development atop the Precambrian rocks in the St.

Francois Mountains is broadly constrained by initial exhumation of the

Precambrian rocks and the age of onlap during the Cambrian (Sauk)

transgression. The rocks in our study area crystalized at 1.47 Ga (Bickford

and Mose 1975), were exhumed sometime between 850 and 680 Ma

(DeLucia et al. 2018), and were buried by Cambrian strata at ~ 500 Ma

(Houseknecht and Ethridge 1978; Palmer et al. 2012). So, the weathering

that formed the unconformity must have happened at some time between

850–680 Ma and 500 Ma. Presumably, the weathering profiles we observed

did not take this entire time to form. For example, any soil formed before

the latest Proterozoic glaciations (~ 547 Ma?) was likely to have been

removed (Prave et al. 2016). The weathering we observed likely began

across the study area sometime after the latest Neoproterozoic glaciation.

Nevertheless, age constraints indicate that a total range of time in which

weathering occurred is still on the order of tens of million years. Given this

broad constraint, it seems unlikely that the soils in this study represent

weathering for the entire interval of time, especially since slope gradient

commonly results in differential surface erosion and thus slopes of

different ages (Ruhe and Walker 1968; Walker and Ruhe 1968). Because

there are no direct age data for each soil, it is also unknown if the soils are

coeval, forming a catena, or if they represent different episodes of

weathering during the interval. However, the consistent kaolinite presence

likely indicates that climate did not vary greatly during the interval.

Weathering ceased once Cambrian strata onlapped the Precambrian

surface. Since the Cambrian strata forms a buttress unconformity against

granite hills, weathering profiles at higher paleoelevations would have

experienced longer weathering durations. For example, the Outcrops SF 67

and SF 72 are onlapped by the Cambrian Lamotte Sandstone, and Outcrop

SF Scour is onlapped by the younger Bonneterre Formation (Fig. 3).

Seeger and Wronkiewicz (2010) depict a conglomeratic interval strati-

graphically below the weathered profile at the Outcrop SF Scour, which

they interpret as the Cambrian Lamotte Sandstone. However, associating

the conglomerate unit with the Cambrian Lamotte Sandstone is difficult,

because the dolomite assigned to the younger Bonneterre Formation (Fig.

4) is at a lower modern elevation in the scour. This likely requires a

structural offset, for which no evidence is observed to support this. A

simpler explanation is that the conglomeratic unit is a clastic facies that is

FIG. 17.—Schematic cross section of the Precambrian geology of the St. Francois Mountains and digital elevation model. Elevation is taken along line A–A 0–A 00 shown on

this figure and in Figure 2. Modern surface elevation was utilized as the proxy for the elevation of the Precambrian rocks; however, locally Cambrian strata are exposed at the

surface (see text for discussion on modern modification of the topographic profile). Extent of Precambrian rocks is adopted from Kisvarsanyi (1980). Dashed lines on digital

elevation map demonstrate outline of central ring plutons shown in Figure 2 as inferred from Kisvarsanyi (1980).
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coeval with Bonneterre deposition. Pebble- to cobble-size granite clasts

occur locally in the dolomite, which is consistent with this interpretation.

High-resolution age control of these stratigraphic units is insufficient to

assess the numerical value for duration of the transgression necessary to

bury the study sites; however, up to a few million years is conceivable. The

longer duration of transgression, and associated atmospheric exposure,

should have resulted in more weathering at the Outcrop SF Scour relative

to the other sites, but our data indicate the inverse: weathering intensity was

highest at Outcrop SF 67.

Paleotopographic Relief.—Though thermochronologic data indicate

that the region has been at surface temperatures for ~ 150 Myr (DeLucia et

al. 2018), it appears as though minimal surface erosion has occurred since

that exhumation event, for surficial volcanic deposits (i.e., ignimbrites,

volcanoclastics, and rhyolites) and caldera geometries can still be identified

in the region (Kisvarsanyi 1980). Moreover, Cambrian strata remain atop

Precambrian basement at Outcrops SF 67 and SF 72 (Figs. 5, 6). While it is

likely that modern erosion has modified the Cambrian paleosurface to

some extent, we note that caldera-rimming ring plutons and silicic volcanic

rocks appear to have little erosional modification, as denoted by continued

high modern elevation and overlying Cambrian strata (Fig. 17), and we

conclude that the measured sections on the eastern flank of the St. Francois

Mountains are relatively undissected.

Assuming that the modern elevation profile approximates the Cambrian-

age elevation profile before burial, then paleotopographic elevation varies

for each outcrop location. The Ozark Dome has a maximum exhumation

height at its northeast corner and tilts to the southwest (Marshak et al.

2017). The three outcrops from this study are on the east slope of the Ozark

Dome. Slope orientation is commonly associated with varying soils in

modern settings due to microclimate and associated vegetation differences

(Jenny 1980). Slope gradient commonly results in lateral variability of soil

properties, and when soils are time equivalent and related to each other’s

position on the slope, the term catena is apt (Milne 1935). Given the crude

age control discussed earlier, we refrain from assigning the soils to a

catena. Most studies that assess soil variation along slope gradient focus on

amount of readily available water that would facilitate chemical weathering

in the soil profile; topographically lower regions produce soil profiles that

demonstrate more chemical weathering and development than steeper

regions due to lack of water retention (Tardy et al. 1973; Whipkey and

Kirby 1978; Muhs 1982). The slope and paleotopographic elevation

correlate well with weathering intensity at each outcrop, such that the

steepest slope and higher-located Outcrop SF Scour demonstrates the least

weathering intensity and most poorly developed paleosol, whereas the

shallowest slope and lowest-located Outcrop SF 67 demonstrates the

inverse. This suggests that water availability related to slope gradient could

have been a factor in controlling the varying weathering intensities. Slope-

controlled erosion could also have been a factor in controlling the observed

contrasts in soil development because creep and other forms of mass

wasting are more likely to occur on steeper slopes than on gentler slopes.

Paleoslope erosion could have been more intense at the Outcrop SF Scour,

since the slope was steeper here than in the other outcrops studied. Each

slope failure would effectively reset the weathering clock, so the

occurrence of multiple failures over time would leave behind a less-

developed paleosol. Some workers also demonstrate that movement

downhill of material is also important in producing thicker and better-

developed soils in lower regions (Butler 1959; Ruhe and Walker 1968;

Gerrard 1981). Regardless of whether slope steepness, 1) limited water

availability or 2) increased slope failure and decreased the weathering

signal on steeper slopes, the main control for the weathering intensities was

still likely controlled by relative paleotopographic position in the St.

Francois Mountains. Sutton and Maynard (1996) also found greater

alteration below the Great Unconformity at lower-elevation sites, which

they inferred to indicate that the relief on the unconformity surface

funneled basinal fluid flow. The results here indicate that the same relief

also enhanced weathering at Earth’s surface during the Cambrian.

Reworking of Cambrian Soil Profiles during Cambrian Transgression

The removal of Ca and Na during soil formation at the Great

Unconformity has been cited as the main delivery mechanism to enhance

oceanic alkalinity, which may have set the stage for Cambrian explosion of

diversity due to enhanced Ca available for hard-shell formation and to

more readily available phosphorous (Peters and Gaines 2012). Notably,

quartz arenite common in the lower Cambrian may be the residue left

behind by enhanced silicate weathering of Precambrian basement (Avigad

et al. 2005). Ca2þ in sea water is thought to have reached the highest levels

of the Phanerozoic in the Cambrian (Lowenstein et al. 2001; Brennan et al.

2004), as would be expected if the element was liberated from basement

rocks during chemical weathering of continental crust (Nesbitt and Young

1982). The results reported in this paper demonstrate that Ca and Na were

increasingly depleted progressively closer to the Great Unconformity

surface. Similar depletion of alkalis has been noted in other identified

paleosols beneath Great Unconformity (Driese et al. 2007; Liivamägi et al.

2014, 2015; Medaris et al. 2018). For this reason, the dominant product of

weathering in soils profiles before the Sauk transgression was kaolinite,

suggesting that most of the alkali metals had already been removed from

the weathered profiles before transgression.

The question remains as to whether the liberation of alkalis was due to

reworking of regolith during the Sauk transgression, or due to flushing of the

chemicals out of regolith by the movement of soil moisture through soil and

back into surface-water flow (sheetwash or streams). Given that weathering

has not been identified at many exposures of the Great Unconformity,

significant reworking of regolith and soil profiles during the Sauk

transgression is likely—this reworking carried away soils from many

locations. In the preserved weathered profiles that we describe in this paper,

we found that weathering effects are only observed up to approximately 8 m

below the Great Unconformity. Cambrian-age paleosols elsewhere in the

Midcontinent are of depth similar to those reported here (~ 3.5 m; Medaris

et al. 2018); however, likely older paleosols developed on the Baltica shield

record saprolite intervals that range from 2 to 7 m thick with altered

basement rock up to 20–30 m beneath the Great Unconformity (Liivamägi et

al. 2015). The overall shallow depth of Cambrian weathering and the lack of

alkali metals in those profiles suggest that continual transport of alkalis in

solute from soil profiles via groundwater to overland flow contributed to

oceanic chemical changes, rather than reworking of already depleted

material. This process may have been enhanced by lack of land vegetation,

enabling a higher rate of solute migration.

CONCLUSIONS

The granite just below the Great Unconformity in the St. Francois

Mountains has been subjected to at least two alteration events: 1) one or

more episodes of alteration in response to K-rich fluids expelled from

Paleozoic basins to the east or southeast; and 2) soil formation at the time

the granite was exposed to the atmosphere. Three profiles beneath the

Great Unconformity demonstrate alteration related to K-rich fluids and

associated K metasomatism. The fluids were likely associated with either

Late Devonian–Early Mississippian fluids derived from the Illinois Basin,

late Paleozoic fluids derived from the Arkoma basin and associated with

Mississippi Valley-type deposits of the region, or possibly both. These K-

rich fluids resulted in crystallization of illite in the profiles. Whole-rock

geochemistry, clay mineralogy, and petrography all demonstrate an

increase in alteration up towards the Great Unconformity, which we infer

is the result of primary weathering at the Earth’s surface before deposition

of the Lamotte Sandstone. Using the Chemical Index of Weathering, which

negates the addition of K in the profiles, whole-rock geochemistry
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indicates that Ca and Na were removed from the system predominantly by

the breakdown of feldspar demonstrated through petrographic analysis and

the relative abundances of feldspar to kaolinite. The resultant weathering

product was chiefly kaolinite.

The intensity of weathering at Earth’s surface during the Cambrian is

inferred to have been related to steepness of paleoslopes: steeper slopes

limited water availability or facilitated more slope failure and creep of the

soil profiles. The paleotopographically highest and steepest slope is in the

Outcrop SF Scour section, which demonstrates the least intensity of

weathering. Conversely, the paleotopographically lowest and shallowest

slope is Outcrop SF 67, which demonstrates the most intensity of

weathering. Of greater interest, the weathered profiles were increasingly

depleted in alkalis upwards towards the Great Unconformity, providing

ground truth to an increase in oceanic alkalinity during the Cambrian.
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