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ARTICLES

The Importance of Eolian Abrasion in Supermature Quartz
Sandstones and the Paradox of Weathering on
Vegetation-Free Landscapes

R. H. Dott, Jr.

Department of Geology and Geophysics, University of Wisconsin, Madison, Wisconsin 53706, U.S.A.
(e-mail: rdott@geology.wisc.edu)

ABSTRACT

Pure quartz arenites are especially characteristic of lower Paleozoic and Proterozoic strata deposited in nonorogenic
settings. A century-long debate over the origin of these remarkably pure sandstones has remained unresolved, largely
because they seem nonactualistic. The much greater importance of wind and fluvial processes prior to the Silurian
appearance of macroscopic vegetation supported a physical origin, but it is now clear that both multicycling and
intense chemical weathering can produce them. Multicycling seemed essential to account for their extreme textural
maturity, with the exceptional rounding of many examples pointing to important eolian abrasion. Other attributes
such as evidences of mixed sources, upward maturation, association with major unconformities, and an inverse
relationship between labile grain content and grain size also were consistent with recycling. A single-cycle origin
proven in the modern humid tropics, however, is supported in the ancient record by examples with underlying mature
paleosol profiles, chemical etching and lesser rounding of quartz grains, single populations of accessory minerals,
downcurrent maturation, dissolution ghosts of labile grains, oversized pores filled with clay, and interstratified pelites
composed of only kaolinite or illite. Post-depositional diagenesis also can contribute to maturation either with or
without multicycling and may even produce pure, diagenetic quartz arenites in extreme cases. Accounting for the
compositional maturity of ancient quartz arenites chemically seems paradoxical without something to stabilize land
surface areas long enough to allow intense weathering. Biological crusts or microbial mats composed of complex
communities of cyanobacteria, algae, and lichens are here proposed as the likely means of stabilization. Although
most familiar today in arid regions, such crusts are known in practically all climatic zones. Apparently they developed
early in Precambrian time from marginal marine or lacustrine stromatolites and mats and were the first life forms
to invade land long before the advent of vascular land vegetation.

The man has not yet lived who can adequately describe a grain of
sand. (Charles R. Van Hise, 1904)

Introduction

When I was a student half a century ago, the origin
of pure quartz sheet sandstones, then called ortho-
quartzites, was considered a major puzzle. Together
with the origin of dolomite, red beds, black shale,
and banded iron formation, they made up a group
of seemingly intractable geological problems. Even
now, 50-odd years later, their origins are still being
debated. Having lived literally upon quartz-rich

Manuscript received October 7, 2002; accepted January 9, 2003.

sandstones for almost 50 years, I have come to re-
gard supermature quartz arenites as nature’s finest
distillate—almost as remarkable as a pure single
malt Scotch whiskey. Can there be anything new
of importance to say about such an old problem,
which has been reviewed as recently as the 1980s
(Dott and Byers 1980; Suttner et al. 1981; Dott et
al. 1986; Pettijohn, Potter, and Siever 1987; Chan-
dler 1988)? Rather than new experimental or ob-
servational data, I offer some new thoughts about
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Figure 1.

Photomicrograph of well-sorted and rounded coarse St. Peter quartz sandstone from Wisconsin, one of the

most famous quartz arenites. Incipient quartz overgrowths are visible on many grains (crossed nicols).

the question of single- versus multicycling to ex-
plain supermaturity, and I discuss the apparent par-
adox of very mature chemical weathering on an-
cient landscapes long thought to be devoid of
vegetation.

What is the quartz arenite problem? Foremost is
the extreme compositional maturity of sandstones
composed of more than 95% quartz. Furthermore,
the quartz consists almost exclusively of grains of
unstrained, single-crystal units. Very rare lithic
fragments consist only of durable polycrystalline
quartz types such as chert or vein quartz. In addi-
tion, the extremely rare accessory mineral suite
(generally <0.05% by weight) is dominated by du-
rable zircon, tourmaline, ilmenite, and leucoxene.
Where present, associated conglomerates also con-
sist only of durable clasts of vein quartz, quartzite,
or chert. How can we explain the complete disposal
of at least 75% of any ultimate parent igneous or
metamorphic rock to yield a residue that is at least
95% quartz sand?

Extreme textural maturity is also characteristic
of many, but not all, examples. A high degree of

sorting has always been emphasized, with high
rounding being common but not universal (fig. 1).
Both properties imply much abrasion by one or
more of nature’s most physically vigorous pro-
cesses, such as surf and strong eolian or aqueous
currents. Early writings also emphasized frosting of
quartz grain surfaces, which was attributed to an
important history of wind abrasion by analogy with
sand blasting. Even before 1940, experiments
showed the great superiority of wind over water
abrasion of sand and showed that for grain sizes
smaller than 0.1 mm, little or no significant abra-
sion of quartz occurs even in wind (Daubrée 1879;
Ziegler 1911; Galloway 1922; Knight 1924; Thiel
1940); finer sizes of denser accessory minerals,
however, could still become well rounded (fig. 2),
grain mass being more important than diameter
alone. With new abrasion experiments, Kuenen
(19604, 1960b) quantified the superiority of wind
abrasion by finding that it reduces grain mass
100-1000 times faster than water abrasion (fig. 3).

A thin, tabular geometry was considered another
characteristic of pure quartz arenite formations,
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0.1 mm

Figure 2. Photomicrograph of well-rounded accessory
minerals from the St. Peter Sandstone, Wisconsin (zircon,
tourmaline, garnet, ilmenite; grain mount in plane-
polarized light).

which earned the nickname “sheet sands.” The
originally cited examples were several lower Pa-
leozoic formations in the Great Lakes region of
North America. Most are but a few tens of meters
thick, but they extend laterally over vast areas en-
compassing one or several states. A paucity of as-
sociated shale in contrast with most other sand-
stone successions was cited as yet another puzzling
characteristic of the sheet sandstones. The original
examples are instead interstratified with shallow
marine carbonate strata, which prompted F. J. Pet-
tijohn (1957) to coin the term “orthoquartzite-
carbonate suite.” Clay-sized material was thought
to have been winnowed through multicycling by
wind and shallow marine processes, and it was
thought that much of it escaped from the craton to
the deeper continental margins (Dalrymple et al.
1985).

A nonactualistic lack of volumetrically signifi-
cant analogues forming today was another puzzle,
which has invited speculations about different
weathering processes in the distant past. It was
noted early that the apparent lack of pre-Silurian
land vegetation was probably an important factor.
Not only might weathering processes have differed
but also the influences of wind and rivers might
have been orders of magnitude greater than during
the past 400 m.yr. since macroscopic land plants
appeared (Schumm 1968). The abrasion, sorting,
and transport of sand would have been far more
efficient without the inhibition of macrovegeta-
tion. According to conventional wisdom, physi-
cally less durable minerals would be more quickly
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reduced in size and winnowed away, whereas
quartz sand grains would be more quickly rounded,
frosted, and sorted on barren landscapes.

Early treatments of the quartz arenite problem
attributed a dominant role to wind. C. P. Berkey
(1906), the first person to consider the pure quartz
sandstone challenge in detail, argued for wind as
the most important process on the basis of frosting,
rounding, and sorting of grains of the Ordovician
St. Peter Sandstone in the upper Mississippi Valley
region. Similarly, A. W. Grabau (1913) and Twen-
hofel and Thwaites (1919) supported an eolian or-
igin for this sandstone, probably the most famous
of all orthoquartzites, but they postulated a final
transgressive marine reworking. In 1921, C. L.
Dake likewise acknowledged initial wind abrasion
but posited complete marine reworking for the St.
Peter Sandstone on the basis of the presence of
some burrows and very rare body fossils. Thiel
(1935) concurred with Dake in postulating marine
deposition but argued for numerous spasmodic re-
treats of the shoreline to allow repeated abrasion
of the grains by wind.

In 1955, E. C. Dapples reiterated the transgres-
sive marine origin in a regional synthesis of the St.
Peter Sandstone. His extrapolation to southern
Oklahoma and Arkansas, where the correlative
Simpson sands intertongue with the marine Ar-
buckle Dolomite, doubtless strengthened the over-
all marine idea of Dake. The marine dogma was
not challenged until extensive eolian features were
identified 30 yr later in the St. Peter Sandstone as
well as in some Cambrian quartz arenites in Wis-
consin and northern Illinois (Huazhao and Dott
1985; Dott et al. 1986), Missouri (Lee and Byers
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Figure 3. Graph showing much more effective abrasion
by wind than water based on laboratory experiments by
Kuenen (1960a). The upper eolian curve is for lithographic
limestone; the lower is for quartz grains; the water curve
is for quartz. The sand at the beginning of runs averaged
1-2 mm in diameter.
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Figure 4.
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Scanning electron microscope images of contrasting grain surface textures. A, Well-rounded, wind-abraded

quartz grain (0.55 mm long) from the St. Peter Sandstone, Wisconsin, with characteristic surface texture (from Winfree
1983). B, Chemically etched quartz sand grain from Padre Island, Texas, showing characteristic V-shaped pits (from Baker

1974).

1992), and western Michigan (Nadon et al. 2000).
Cambro-Ordovician eolian components have also
been recognized in Ontario (Lewis 1971; Wolf and
Dalrymple 1985; MacNaughton et al. 1999, 2002),
northwestern Canada (MacNaughton et al. 1997),
and Sweden (Wallin 1990).

Quartz Arenite Myths

Investigations since 1960 have required some re-
framing of the quartz arenite problem. The most
important refinements can be summarized in terms
of four myths:

Compositional Purity. Graham (1930) and Odom
(1975) showed for the Cambro-Ordovician exam-
ples of the Great Lakes region that purity is a func-
tion of grain size. Although the medium-grained
and coarse-grained sandstones possess more than
95% quartz, interstratified fine-grained sandstones
and siltstones contain as much as 50% K feldspar.
Doe and Dott independently discovered the same
grain-sized dependence in Pennsylvanian and Ju-
rassic sandstones in Utah (Odom et al. 1976).
Therefore, obviously, any discussion of the origin
of sandstone maturity should specify grain size.
The notable absence of plagioclase implies chem-
ical degradation of this less stable species coupled
with the more rapid physical breakdown of surviv-
ing K feldspar than of quartz.

Textural Characteristics. The frosting or micro-
roughness of sand grains is now known to have

several causes besides wind abrasion. Kuenen and
Perdok (1962) demonstrated the importance of
chemical dissolution as a major cause, which dis-
credited the longstanding myth that frosting proved
eolian abrasion. The scanning electron microscope
(SEM), while confirming the importance of solu-
tion, has also revealed minute precipitates on
grains as another cause of a frosted luster. More-
over, the SEM has shown that different processes
of abrasion tend to produce distinctive micropat-
terns and that frosting is not characteristic of eolian
sands (fig. 4; Krinsley and Doornkamp 1973). These
surface textures coupled with Fourier shape anal-
ysis have been used to discriminate changes of pro-
cess or deposition in seemingly monotonous quartz
arenites (Mazzullo and Ehrlich 1980, 1983).

Rounding, like composition, is also a function of
grain size in quartz arenites, as was implied by the
early abrasion experiments. This was verified em-
pirically by Graham (1930) and subsequent stu-
dents of the Cambro-Ordovician sandstones of the
upper Mississippi Valley region. It may be signifi-
cant that the lower Paleozoic and Precambrian
quartz arenites tend to be coarser and better
rounded on average than most younger Phanerozoic
examples, which formed after the appearance of
macroscopic land plants. Goudie and Watson (1981)
found rounded grains to be rare among modern eo-
lian dune sands, but most of these sands fall into
the finer sand sizes, which cannot be expected to
be well rounded.
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Bimodal texture with the coarse mode in the
range of 0.5-1 mm mixed with finer grains in the
range of 0.09-0.18 mm was suggested by Folk
(1968) to be characteristic of eolian dune sands
mixed with finer interdune material. Although this
is one possible origin for such a texture, it can
hardly be the only one. Additional causes of mixing
of different-sized populations include thorough bio-
turbation and infiltration by fines.

Shale.  Although most outcropping Cambro-
Ordovician examples in the Great Lakes region
have remarkably little interstratified shale, their
subsurface equivalents are now known from cores
to have considerable amounts. This is especially
true in Iowa, which was offshore during deposition
of the lower Paleozoic sandstones seen in Wiscon-
sin and Minnesota outcrops (Runkel et al. 1998).
Considerable shale is also present in cores from the
Michigan Basin (Nadon et al. 2000). Clearly, as in
younger strata, different depositional environments
account for the relative abundance of shale. The
original concept of pure quartz sheet sands was bi-
ased by their outcrop distribution and the lack of
subsurface information when the concept evolved
prior to 1960. The shales associated with lower Pa-
leozoic quartz arenites are also compositionally
mature, as indicated by their high kaolinite or illite
content. (See Medaris et al. 2003 for Precambrian
examples and Van Houten and Bhattacharyya 1979
for Paleozoic examples with kaolinite; my deceased
colleague, S. W. Bailey, x-rayed many Cambro-
Ordovician shales and found only illite.)

Geometric and Stratigraphic Distributions. Dap-
ples (1955) and later Klein (1982) explained the
sheetlike geometry of Paleozoic examples by trans-
gressive reworking of sand that had been spread
initially by nonmarine processes. In support of this
hypothesis, Wolf and Dalrymple (1985) reported
Cambrian eolian and fluvial sandstones overlain by
marine ones in Ontario, and Dott et al. (1986) found
preserved lower eolian overlain by marine sand-
stones in both Cambrian (Wonewoc) and Ordovi-
cian (St. Peter) sandstones in Wisconsin. Runkel
(1994), however, showed that simple progradation
better explains the sheetlike geometry of the Cam-
brian Jordan Formation of Minnesota and Wiscon-
sin, proving multiple causes for tabular geometry.

In reality, the importance of sheetlike geometry
was biased because the early studies of North
American lower Paleozoic cratonic examples were
based on outcrops only. The apparently sheetlike
St. Peter Sandstone, for example, is now known to
be more than 300 m thick in the Michigan Basin.
Even thicker is the Cambro-Ordovician quartz-rich
succession across North Africa and Arabia (Burke
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1999; Burke et al. 2003). There, shale-poor sand-
stones blanket the northern Gondwana craton.
Contemporaneous fine clastics apparently escaped
to form sediment wedges on the continental mar-
gin, which were later dismembered by the breakup
of Pangea (Burke et al. 2003).

Students of the Precambrian sedimentary record
have long known of many thick quartz arenites of
Proterozoic and even Archean ages (Donaldson and
Ojakangas 1977), but most sedimentologists were
little aware of these until recently. In reality, there
are far greater volumes of pure quartz arenites in
the Precambrian than in the Phanerozoic record.
They occur on most continents, and many are
hardly sheetlike, being hundreds to thousands of
meters thick. Pettijohn, Potter, and Siever (1987)
and Chandler (1988) have cataloged many exam-
ples. Thickness is primarily a function of tectonics
because it controls accommodation space. In some
cases, enough well-sorted, pure quartz sand was de-
livered to keep pace with subsidence, resulting in
thick, well-sorted quartz arenite deposits. Where
subsidence outpaced deposition, however, quartz
sand “spilled over the edge into an alien tectonic
milieu,” as Krumbein and Sloss (1963, p. 551) so
aptly put it. In some such cases, resedimentation
produced poorly sorted quartz wackes with
rounded quartz grains suspended in a fine matrix,
which is a rather common Proterozoic sandstone
species.

Multiple Origins

Multicycle. Conventional wisdom of the mid-
twentieth century emphasized multicycling to ex-
plain both the compositional and textural maturity
of pure arenites. Less stable sand-sized minerals
were progressively reduced in size through count-
less cycles of abrasion, leaving only physically and
chemically durable quartz and the most stable ac-
cessory minerals. Given hundreds of millions of
years of subaerial exposure of the craton prior to
the Late Cambrian transgression, multicycling
seemed inescapable with high degrees of sorting
and rounding as inevitable consequences. As
Kuenen observed, “There is always the possibility
that a sleeping grain will be re-awakened or that a
buried one will become the victim of body-snatch-
ing” (1960b, p. 111).

Long-cited proofs of multicycling are pebbles of
older quartz sandstones and sand grains with
abraded overgrowths (fig. 5). Also strongly sugges-
tive is an inverse relation between feldspar content
and grain size in some quartz arenite-bearing suc-
cessions (Odom 1975; Odom et al. 1976; Dutta et
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Photomicrograph of multiple abraded over-

Figure 5.
growths on a coarse quartz sand grain from the Weber
Sandstone of northern Utah (Pennsylvanian age), proof of
recycling (crossed nicols).

al. 1993). This indicates progressive, selective re-
duction of feldspar grains and the segregation of
distinct beds of finer feldspathic sandstones inter-
stratified with coarser pure quartz ones, which
seems to demand multicycling to separate the two
so completely. Less diagnostic, but implying prob-
able recycling, are accessory mineral grains and in-
clusions in quartz grains that show mixing from
multiple, distant Precambrian sources but negli-
gible contributions from the immediately under-
lying basement (Thiel 1935; Tyler 1936; Tyler et al.
1940). Isotopic analyses of U-Pb in detrital acces-
sory zircon and Sm-Nd in quartz from the same
formations confirm those early, petrographic ar-
guments about mixed provenance and also imply
recycling for Cambro-Ordovician cratonic exam-
ples (Johnson and Winter 1999) and for Cambrian
sandstones in the Appalachian region (Gaudette et
al. 1981; McLennan et al. 2001). Also suggestive of
redeposition are the progressive upward increase of
maturity from lithic and/or feldspathic basal sand-
stone to pure quartz arenite in many Proterozoic
and some Phanerozoic formations and a common
association of quartz arenites with major regional
erosional surfaces.

North America’s most widespread cratonic su-
permature sandstones directly overlie the major
sequence-bounding surfaces of Sloss (1963). Fa-
mous examples include the Cambrian Mount
Simon and Wonewoc Sandstones, Ordovician St.
Peter Sandstone, the Devonian Oriskany Sand-
stone, and their equivalents in the north-central
United States. Ventifacts also occur widely on the
basal Cambrian unconformity (Tank 1970; R. H.

Dott, Jr., pers. observ.), which attest to a long his-
tory of eolian abrasion and dispersal of quartz-rich
sand prior to reworking by the Cambrian trans-
gression. The craton surface had been subaerial for
more than 500 m.yr., during which time it acted
as a vast sand reservoir that was recycled and pu-
rified countless times by fluvial and eolian pro-
cesses. This also must have happened repeatedly
during Precambrian time.

Single Cycle. Even 50 yr ago, an occasional voice
asked if first-cycle quartz arenites were possible.
Under intense tropical weathering, was it not con-
ceivable that a very pure quartz sandy residual soil
might form? Especially if the atmosphere were
more corrosive in Early Paleozoic time? The great
paucity of feldspar, especially plagioclase, and fer-
romagnesian minerals implied at least some role
for chemical weathering, and some recent studies
of modern sands in the humid tropics confirm re-
soundingly that single-cycle quartz arenites are in-
deed possible.

First-cycle quartz arenites are forming today in
tectonically diverse settings in the Orinoco drain-
age basin, and some are being delivered to that
third-largest river’s delta (Johnsson et al. 1988,
1991). Low-lying portions of the Guyana shield
with widespread, intensely weathered Precambrian
crystalline rocks are drained by tributaries carrying
sand so pure that their sand bars “look like they
were made of sugar” (R. Meade, written comm.
1988). The higher plateaus of the Gran Sabana are
underlain by nearly flat-lying, Late Proterozoic Ro-
raima Group quartz-rich fluvial sandstones (Long
2002). Weathering there is so extreme that quartz-
ites capping many of the buttes, called “tepuis,”
are extensively karsted by acidic waters with pH
3.5-4.7 (Briceno and Schubert 1990). Tributaries
draining this higher terrain also carry quartz-rich
sand, but with a few percent feldspar and some
lithic plutonic fragments. Thin sections of Roraima
sandstones show thorough silica cementation with
interlocking boundaries. Although some samples
reveal rounded primary grain margins, modern
weathering exposes mostly the angular surfaces of
syntaxial overgrowths; therefore, rounding of the
resulting sands is low. Thus, even recycled Roraima
quartz grains, as well as those derived from the low
shield now carried by the Orinoco, are poorly
rounded.

In contrast with the shield, tributaries draining
the northern Andes Mountains of western Vene-
zuela and Colombia, such as the Rio Apure, carry
in their upper reaches angular, compositionally im-
mature sands rich in lithic fragments, feldspar, and
polycrystalline quartz (Johnsson et al. 1988). As
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those tributaries cross the foreland llanos, however,
their sands become progressively more mature as
plagioclase, polycrystalline quartz, and foliated
lithic fragments decrease with distance. Much sand
is stored in alluvial deposits on the llanos for cen-
turies to millennia, where it undergoes further mat-
uration by chemical solution before being returned
to the active river bed by bank erosion. Tributaries
that drain only lowland alluvial areas carry pure
quartz sand. The accessory mineral suite also ex-
periences selective dissolution during storage, but
less so than the bulk mineralogy (Morton and
Johnsson 1993).

The Orinoco Basin studies show clearly that first-
cycle quartz arenites not only are possible but can
form on a large scale and with a reasonable degree
of preservation potential. Clearly, humid tropical
weathering will produce quartz arenites wherever
temporary storage of sediment can occur either in
soils or in alluvium. Johnsson et al. (1988, 1991)
consider the presence of lithic fragments and
abraded syntaxial overgrowths to be the only un-
ambiguous criteria for multicycling. They question
rounding as a criterion because the grain surfaces
of Orinoco sands are covered with chemical etch
pits and larger embayments. In this opinion, they
join earlier authors in regarding dissolution to be
at least as important as abrasion in rounding quartz
sand (Galloway 1919; Crook 1968; Pye and Maz-
zullo 1994). As noted above, however, the SEM al-
lows one to discriminate between these two modes
of rounding (fig. 4). Moreover, the scale of curved
grain boundaries is different, with abraded ones typ-
ically having larger radii than chemically etched
ones.

Diagenesis. Yet another suggestion for making
supermature quartz sandstones is diagenesis,
whereby all unstable mineral constituents have
been dissolved away after deposition to leave only
quartz sand grains cemented by carbonate or silica
(McBride 1985, 1986). Documentation of chemical
purification of sands stored in alluvial plains is one
of the most significant results of the Orinoco stud-
ies, but should their origin be regarded as first-cycle
or diagenetic maturation? Most writers about dia-
genetic quartz arenites have had in mind a later
stage in the history of a sandstone, namely, burial
diagenesis. Studies during the past 20 yr have con-
firmed that labile constituents can be removed
chemically from deeply buried sandstones on a sig-
nificant scale, but there are petrographic and SEM
clues to alert us to this phenomenon. These include
oversized pores, severely etched skeletal grains, and
clay or other postdepositional replacements of
grains (Ramaekers 1981; McBride 1985; Anderhalt
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and Slow 1988; Harris 1989). The most important
role of diagenesis is in augmenting the purification
of either first-cycle or multicycle sandstones rather
than being the dominant agent for their creation.

Can We Hope to Distinguish Origins?

Granted the validity of all three mechanisms for
forming supermature quartz arenites, is there any
hope for distinguishing their relative contributions
to the rock record? Dake (1921) was pessimistic
because extreme maturity provides few clues, and
most textural and compositional properties can be
inherited through many episodes of recycling by
different processes, which compounds the diffi-
culty of interpretation. Similarly, Johnsson et al.
(1988) concluded from their Orinoco studies that
“the discrimination between first- and multi-cycle
quartz arenites is exceedingly difficult” (p. 275).

Diagenetic quartz arenites seem the easiest to
recognize using the petrographic criteria noted
above. What about first-cycle versus multicycle or-
igins? Together with Kuenen, I believe that the pro-
saic property of rounding is a more profound cri-
terion than is generally acknowledged. Although
most authors since Berkey (1906) have noted the
remarkable rounding in the older quartz arenites,
just how remarkable it is can only be appreciated
by comparisons. Figure 6 provides a visual quali-
tative comparison of modern Orinoco River sands
with Cambro-Ordovician arenites; figure 7 shows
a quantitative comparison. Scanning electron mi-
croscopic images of grain surfaces from these two
regions also indicate a distinction. Many of the Ori-
noco sand grains show clear chemical etch pits (fig.
4B), whereas many of the most rounded Cambro-
Ordovician grains show very different surface fea-
tures characteristic of eolian abrasion (fig. 4A). The
SEM evidence concurs with the abundant experi-
mental evidence that wind abrasion was the most
probable agent for developing the remarkable
rounding seen in most ancient quartz arenites.
Based upon observations in the Bay of Fundy, Balazs
and Klein (1972) suggested that vigorous, frequently
repeated abrasion on tidal sand bars might produce
extreme rounding equivalent to that by wind. Mid-
dleton and Davis (1974), however, showed that the
Bay of Fundy examples had inherited their rounding
from Jurassic eolian sandstones exposed in nearby
cliffs. Rounding once gained is a property that is
difficult to reduce, so it may be inherited through
many cycles of subsequent deposition by different
processes.

Applying the rounding test to some other ancient
quartz arenites supports its potential for distin-
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Figure 6.

Shape contrast between first-cycle and multicycle quartz sands. A, Modern, first-cycle Rio Apure (Venezuela)

sand showing angular to subangular, unmounted, medium-sized quartz grains. Sample courtesy Robert H. Meade from
15 km above the confluence of Rio Apure with Rio Orinoco (incident light). B, St. Peter Sandstone (Wisconsin) multicycle
eolian sand showing a high degree of rounding of unmounted medium to coarse quartz grains (incident light).

guishing origin. The vast Nubian sandstone suc-
cession, which extends from Arabia across north-
ern Africa to Mauritania, contains pure quartz
sandstones of several ages ranging from Carbon-
iferous to Cretaceous. All were deposited on the
Afro-Arabian portion of the Gondwana craton,
which was equatorial during Mesozoic time. Much
of the Cretaceous portion in Egypt and Libya on-
lapped unconformably over a Precambrian-Early
Paleozoic crystalline basement of gneisses, meta-
sediments, and granites. Although there was a
small contribution from the old metasediments,
most of the sandstone appears to be first-cycle
quartz arenite analogous to the modern Orinoco
sands. Harms (Klitzsch et al. 1979; Harms et al.
1982; and J. C. Harms, written comm. 1988) inter-
prets them as derived by intense humid, tropical
weathering of the underlying crystalline base-
ment. They were transported north across a well-
vegetated alluvial plain as attested by the presence
of plant remains and paleosols with root traces. In-
tercalated shales and paleosols contain chemically
mature kaolinitic clays (Van Houten and Bhatta-
charyya 1979). Thanks to slow subsidence, accu-
mulation rates were relatively slow; therefore, sed-
iment could reside for extended periods in the
alluvial plain before being reworked by the rivers.
As in the Orinoco Basin, this provided ample op-
portunity for the sands to be further matured by
organic acid-rich groundwater passing through
them. Although compositionally very mature and
well sorted, the Cretaceous sandstones do not dis-

play the high degree of rounding typical of the more
ancient examples cited earlier; rather, they resem-
ble closely the first-cycle Orinoco sands (cf. fig. 8A
with figs. 1 and 6).

Another example of an ancient first-cycle quartz
arenite is the Late Jurassic Springhill Sandstone of
Isla Grande, Tierra del Fuego, in southern South
America, which is the principal petroleum reser-
voir of that region. It overlies unconformably a
slightly older, weathered Jurassic silicic volcanic
complex (Rocas Verde) and is composed almost en-
tirely of grains of volcanic quartz; feldspar and
other labile materials were entirely eliminated by
weathering and diagenesis. Like most of the Cre-
taceous Nubian sandstones, however, the grains are
not well rounded (fig. 8 B). The Springhill Sandstone
is cemented largely by well-crystallized kaolinite.

Like the famous lower Paleozoic quartz arenites,
many Precambrian examples are dominated by
well-rounded quartz grains (fig. 9). Examples in the
Lake Superior region include the approximately
1700 Ma Baraboo-Sioux-Barron quartzites. Al-
though these are interpreted as largely braided flu-
vial grading upward into very shallow marine sands
(Dott 1983; Ojakangas and Weber 1984), the pres-
ence of scattered well-rounded grains suggests an
important earlier eolian history. Several formations
in the Canadian Shield still have preserved eolian
portions: the 1750 Ma Hornby Bay Group (Ross
1983; Bowring and Ross 1985) and Thelon Forma-
tion (Jackson et al. 1984; Miller et al. 1989) as well
as the 1750-1780 Ma Athabaska Group (Ramaekers
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Figure 7.

Quantitative roundness values for modern Orinoco River medium-grained sands (after Johnsson et al. 1988)

compared with Cambro-Ordovician medium-grained and coarse-grained quartz arenites from Wisconsin. Bars for Orinoco
values indicate 95% confidence intervals; the bar for Wisconsin samples indicates the total range of values for approx-
imately 500 grains from three formations (rho scale is a logarithmic transformation of the original 0-10 powers roundness

scale).

1981; Kotzer et al. 1992). In Scandinavia, the 1635
Ma Dala Sandstone of Sweden has clear eolian
stratification (Pulvertaft 1985). The Waterburg Su-
pergroup of South Africa also contains eolian com-
ponents (Meinster and Tickell 1976; Eriksson et al.
1999), and the Witwatersrand strata have ventifacts
(Els 1998). Neoproterozoic eolian deposits are
known in the Zambian Copper Belt (Garlick 1981;
R. H. Dott, Jr., pers. observ.) and in the Shikaota
Formation of India. The latter contains a superbly
preserved eolian sand sheet with dune, wind ripple,
and adhesion structures (Chakraborty and Chak-
raborty 2001). In Australia, the Mount Guide
Quartzite has adhesion structures (Simpson and Er-
iksson 1987), and the Neoproterozoic Wyalla Sand-
stone of South Australia contains well-rounded
quartz sand dispersed by wind across a periglacial
surface that contained sand-wedge polygons (Wil-
liams and Tonkin 1985). This is but a limited cat-
alog; no doubt many more examples of ancient eo-
lian quartz arenites have been recognized already
or will be in the future.

Precambrian Paleosols

Many Precambrian paleosols have been recognized
in recent years, and most are surprisingly similar
to recent soil profiles (Gay and Grandstaff 1980;
Southwick and Mossler 1984; Zbinden et al. 1988;
Rainbird et al. 1990; Retallack and Mindszenty
1994; Ohmoto 1996; Driese 2000; Medaris et al.

2003). At least two Precambrian laterites have been
identified (Gutzmer and Beukes 1998; Marmo and
Ohmoto 2000). According to Ohmoto, practically
all of these paleosols show evidence of oxic con-
ditions, with at least 1.5% (Ohmoto 1996), and pos-
sibly as much as 10% (Lasaga and Ohmoto 2002},
of the present atmospheric oxygen level, even in
Late Archean time. The red color of many Prote-
rozoic quartzites, which is due to interstitial he-
matite cement, is consistent with early atmo-
spheric oxygen.

The most significant difference between ancient
and recent soils is the nearly ubiquitous potassium
enrichment of the former, which is attributed to
postdepositional K metasomatism. In the associ-
ated sandstones, diagenetic K feldspar is common,
and in many shales, kaolinite has been converted
to illite. Fedo et al. (1995) provide a means for eval-
uating the magnitude of such alterations, which is
important for correctly assessing paleoweathering
processes.

As an example of extreme Precambrian weath-
ering, the 1700 Ma Baraboo-Barron-Sioux quartzite
succession of the southern Lake Superior region has
a chemical maturity equivalent to the most mature
clastic sediments and associated paleosols in the
entire geologic record (Medaris et al. 2003). The
Chemical Index of Alteration, which is defined as
100 molar Al,O,/(AL,O, + K,O + Na,0 + CaO), is
95.7 for underlying saprolite and 96.8-98.8 for in-
terstratified pelites that have escaped subsequent
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Figure 8.

Photomicrographs of two angular, first-cycle ancient quartz arenites. A, Nubian Sandstone (Cretaceous of

Libya) composed of medium-size, angular quartz grains. Photo courtesy of John C. Harms (plane-polarized light; dyed
epoxy). B, Springhill Sandstone (Jurassic, Tierra del Fuego, Chile) composed of clear, embayed angular, coarse volcanic
quartz grains. Sample is courtesy of Chilean National Petroleum Company (crossed nicols).

K metasomatism. Additional elemental compari-
sons with soils and shales of various ages indicate
that this chemical maturity rivals even the most
mature soils and sediments that have formed since
the appearance of macroscopic plants. K-enrich-
ment is widespread in the Baraboo interval paleo-
sols as well as in many other ancient examples (Me-
daris et al. 2003).

The Vegetation Paradox

The exceptional rounding of sand-sized quartz
grains provides strong evidence of an important his-
tory of eolian abrasion, which is consistent with a
multicycling origin. The prevalence of such round-
ing among lower Paleozoic and Proterozoic quartz
arenites, in contrast to a reduced degree of rounding
in younger arenites of similar grain size, is also
consistent with the absence of pre-Silurian mac-
roscopic land vegetation to inhibit significantly
both fluvial and eolian abrasion (Schumm 1968;
MacNaughton et al. 1997). The contrast of round-
ing in younger examples is largely a function of
grain size because most Silurian to modern eolian
sands fall in the fine grade, which has long been
known to experience negligible abrasion by any
process. This presumably reflects a reduction of the
importance of eolian dispersal of sand after the ap-
pearance of macrovegetation. The great composi-
tional maturation of pre-Silurian examples, how-
ever, seems to require some additional factor to
reconcile geomorphic conditions that could have
enhanced the transport and abrasion of enormous
volumes of pure quartz sand, on the one hand, but

could have allowed exceptional chemical matura-
tion of soils on the other hand, as indicated by pro-
files beneath, and the composition of pelitic strata
interstratified within, many quartz arenites.

Two decades ago I tried to explain the maturity
of Baraboo interval strata by postulating a tecton-
ically stable landscape of “very low topographic re-
lief and a warm, humid climate” (Dott 1983, p.
135). However, I have been haunted ever since by
the difficulty of rationalizing broad interfluve areas
resistant to erosion by either wind or water long
enough to accomplish the requisite weathering
without something to stabilize the soil profiles.
This difficulty is magnified by the fact that large
braided stream systems with maximum flow ve-
locities up to a few hundred centimeters per second
seem required to disperse the large volumes of
quartz-rich sands and rare pebbles up to 2 cm in
diameter. To resolve this paradox, I postulated in
Medaris et al. (2003) that microbial crusts or mats,
such as those that characterize soils in many semi-
arid and arid regions today (fig. 10), provide a plau-
sible mechanism for physically binding Precam-
brian surfaces between active fluvial channel
complexes to facilitate and also contribute bio-
chemically to weathering (see also Campbell 1979;
Monastersky 1989). Meanwhile, Prave (2002) de-
scribed apparent microbially induced sedimentary
structures from the late Precambrian, nonmarine
Torridonian succession of Scotland. He inferred mi-
crobial crusts living in alluvial, interfluve, and la-
custrine margin settings—exactly the circum-
stances postulated here. Moreover, beneath the
Torridonian strata, Retallack and Mindszenty
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Figure 9. Photomicrographs of well-rounded quartz grains in Precambrian sandstones. A, Quartzite from the Lower

Roan Group (Neoproterozoic), pipeline section at the Roan Antelope Mine, Zambia, with rounded, coarse quartz grains

(crossed nicols). B, Traders Ferry quartz wacke, Crystal Falls iron district, Michigan (Mesoproterozoic), with rounded,
coarse quartz grains (crossed nicols).
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Figure 10. Modern microbiotic crusts or mats. A, Field view of a typical biological soil crust in Arches National
Monument, Utah (width of view approximately 1 m). B, Scanning electron microscopic image of microbial filaments
around sand grains in a soil crust in Canyonlands National Park, Utah (courtesy of Jayne Belnap).

(1994) found an oxidized soil profile with isotopi-
cally light carbon that they attributed to microbial
crusts. Eriksson et al. (1999) invoked microbial
mats to explain roll-up structures within intermit-
tently wetted interdune deposits of the Proterozoic

Waterburg Group in South Africa. Gutzmer and
Beukes (1998) also postulated microbial vegetation
associated with a Proterozoic laterite.

In my proposed scenario, ground-hugging crusts
would not impede wind appreciably, unlike modern
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macroscopic vegetation but would provide signif-
icant stability. In fact, experimental results show
that crusts increase up to fourfold the resistance to
wind erosion. In wind tunnel experiments, a
threshold friction velocity of 50 cm/s entrained
sand grains on surfaces lacking crusts, whereas
250-450 cm/s was required to entrain them on sur-
faces with thick crusts (Belnap 2001). Large eolian
dune fields must have formed on ancient braided
river plains and occasionally invaded the interfluve
areas to bury some microbial crusts; but in the long
run, enough of the latter areas survived erosion long
enough to create the mature soils necessary to pro-
vide kaolinitic clays to the pelitic layers now found
interstratified with many Precambrian quartz ar-
enites. Mat stabilization not only would facilitate
the compositional maturation of multicycled sands
but also might make possible the formation of first-
cycle quartz arenites.

Formerly known as cryptogamic soils, biological
or microbiotic soil crusts are composed of a com-
plex community of organisms forming layers up to
10 cm thick, which are generally brown in color
and feel slightly spongy underfoot (for summaries,
see Belnap et al. 2001 and U.S. Geological Survey
1999). Although best known today in semiarid and
arid regions, I have observed crusts on a dry, sandy
prairie in Wisconsin. Similar microbial communi-
ties also occur in tropical savannas and rain forests
(Budel 2000), in fact, in practically all climatic
zones of the earth, including even polar and al-
pine areas (Belnap et al. 2001). Crust communities
require minimal moisture, but they cannot com-
pete well with a vascular plant canopy; therefore,
they thrive where such plants are sparse or absent
due to limited water, disturbance, or other envi-
ronmental restrictions. Component organisms in
modern crusts include cyanobacteria, other bacte-
ria, green and brown algae, microfungi, lichens,
mosses, and liverworts in varying proportions de-
pending on climate and substrate. They live upon
and within the uppermost few millimeters of soil,
and sticky sheaths and filaments of some of the
organisms, especially cyanobacteria, help to bind
particles and stabilize soil surfaces (fig. 10B). The
crusts can tolerate desiccation for long periods and
even develop polygonal cracking similar to that of
dried muds, but they revive promptly when wetted.
Crusts can also tolerate shallow burial by wind-
blown silt or sand because the sheaths and fila-
ments of some taxa can grow up through the cover
and also can spread laterally. Microbial crusts are
known to elevate substrate pH to as much as
8-10.5, which would greatly enhance the weath-
ering of quartz-bearing rocks (Garcia-Pichel and
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Belnap 1996; Budel 2000). They also concentrate
nutrients such as nitrogen, phosphorous, and po-
tassium. These characteristics led Campbell (1979)
and Schwartzman and Volk (1989) to propose bio-
logical crusts as the first Precambrian terrestrial
organic communities and soil enhancers.

On both taxonomic and evolutionary grounds,
botanists have long argued that cyanobacteria (for-
merly known as blue-green algae) and green algae
would have been the first organisms to conquer
land. Fungi probably followed soon after and could
then combine with algae to form symbiotic lichens
(Campbell 1979; Schwartzman and Volk 1989; Gray
and Shear 1992; Teske and Stahl 2002). The tran-
sition from the aquatic to dry land habitat may not
have been as difficult as it might seem. Modern
subaerial microbial mats in supratidal and desert
environments can survive months of drought and
change instantly from a dormant brown to a thriv-
ing green carpet with the first drops of water. While
the biological probability of this scenario has not
been challenged, the timing of that first conquest
has long remained in doubt because the fossil rec-
ord has seemed mute, which is not surprising given
the low preservation potential of such simple, mi-
croscopic organisms in ephemeral environments
(Horodyski and Knauth 1994).

Marine cyanobacterial stromatolites of at least
3000 Ma have been known in southern Africa and
Australia for many years (Schopf and Klein 1992).
More recently, >2000 Ma freshwater stromatolites
have been reported in Africa (Buck 1980), and it is
suggested that the cyanobacteria soon spread from
ponds to adjacent, intermittently wetted subaerial
land surfaces and from there to even drier areas.
Garlick has made a similar argument for “algal”
mats associated with Late Proterozoic sabkhas in
the Katanga Group of Zambia (1981) and also in
Montana and Idaho (1988). He suggested that de-
caying mat organic matter produced anoxic con-
ditions favorable for the precipitation of syngenetic
stratiform copper and iron sulfides within sabkha
sediments. The approximately 900 Ma nonmarine
Copper Harbor Conglomerate of northern Michi-
gan contains small stromatolites and mats that en-
crusted cobbles and are associated with oolite, on-
colite, and intraclast lenses (Elmore 1983). The
setting was a lacustrine fan delta in an arid climate,
where microbial mats apparently could spread
short distances away from lake or pond shorelines.

So far, few localities have yielded Precambrian
soil microbe fossils, and the candidates are com-
monly challenged as to whether they were truly
subaerial. In the 2300-2700 Ma Witwatersrand
Group in eastern Transvaal, South Africa, carbo-
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naceous material occurs within gold-bearing strata
thought to have been deposited at the interface be-
tween a shallow lagoon and an arid land surface
(Hallbauer and Van Warmelo 1974). Amino acid
analyses of this material revealed chemical fossils
with a probable photosynthetic algal origin (Prash-
nowski and Schidlowski 1967). Scanning electron
microscopy of the same material showed fungal-
like fibers with gold and other heavy metals coating
some of them. Fungi absorb and redeposit such
metals but algae do not. On the basis of these two
different lines of evidence, Hallbauer and Van War-
melo postulated a symbiotic association of a pho-
tosynthetic alga with a nonphotosynthetic fila-
mentous organism such as a fungus; modern
lichens are just such a symbiont, and all three are
components of modern microbial soil crusts.

In the southwestern United States, Horodyski
and Knauth (1994) reported microscopic filaments
preserved in 800 Ma and 1200 Ma paleokarsts in
dolostones with low 6'*C in California and Arizona,
respectively. The authors first argued from the car-
bon isotopic characteristics of modern soil profiles
in carbonate rocks that the presence of Precambrian
organisms is implied for those ancient karsts. They
then described filaments preserved in chert like
those of bacteria and cyanobacteria and concluded
that microbial mats covered much of the Late Pro-
terozoic landscape and greatly enhanced chemical
weathering. Similarly, Golubic and Hoffman (1976)
and Golubic and Campbell (1979) argued for an-
cient subaerial crusts on intermittently wetted
rocks on the basis of morphologic similarities be-
tween microbial structures in 1900 Ma Belcher Is-
land chert in Canada and a modern subaerial
cyanophyte.

Precambrian paleosols are being recognized in-
creasingly (Retallack 1992; Gall 1999), so we may
anticipate more evidence of soil microorganisms in
the future. Meanwhile, geochemistry can provide
indirect support. Upward trends through soil pro-
files of oxygen and carbon isotopes as well as other
elements can test the probability that carbonaceous
caps on some of these paleosols were microbial
crusts (Schidlowski and Aharon 1992; Ohmoto
1996). Besides the Arizona-California case de-
scribed previously, Watanabe et al. (2000) reported
a 2600 Ma profile from South Africa whose chem-
ical characteristics point to a probable microbial
mat at the soil surface.

The oldest known sedimentary rocks with
widely accepted chemical fossils are in 3.7-3.8 Ga
volcaniclastic strata of the Isua greenstone belt of
southwestern Greenland. These contain graphite
particles with low §*C believed to have originated

in pelagic organisms (Schidlowski 1988, 2001; Ros-
ing 1999). Indeed, if marine life appeared that early,
then Ohmoto (1996) is probably correct in stating
that “terrestrial biomass on the early continents
may have been more extensive than previously rec-
ognized” (p. 1135).

Conclusions

It is clear that pure quartz arenites can form in
several ways. The venerable multicycling hypoth-
esis is valid for many examples, but single cycling
by intense tropical weathering has been shown to
be valid as well. Both processes probably contrib-
uted to the origin of many examples—either si-
multaneously or successively—and diagenesis can
augment either of the other two mechanisms for
maturation. Extreme rounding of medium and
coarse sand fractions so common in lower Paleo-
zoic and Proterozoic quartz arenites, together with
the widespread presence of ventifacts on the basal
Cambrian surface of the North American craton,
indicates an important eolian abrasion history. It
has long been acknowledged that the importance
of wind should have been greatly enhanced by the
absence of macroscopic land vegetation prior to Si-
lurian time.

The absence of land vegetation, however, implies
a paradox. Unless the ancient land surfaces were
perfectly flat, how could they be stable enough to
allow the intense chemical weathering indicated by
the compositional purity of ancient quartz arenites
themselves and by the mature paleosols associated
with many of them, as well as by interstratified,
mineralogically mature pelites? The abundance of
medium-grained to coarse-grained sand and asso-
ciated pebbles required streams with sufficient gra-
dients to transport such materials, which in turn
points to at least moderate topographic relief,
which exacerbates the stabilization problem.

Growing evidence for the early appearance of
subaerial microbiotic mats or soil crusts offers a
resolution of the pre-Silurian landscape paradox.
Besides a few examples of preserved Precambrian
bacterial and algal filaments from apparently sub-
aerial environments, there is geochemical evidence
suggestive of organic caps on Precambrian paleosol
profiles, which were probably also microbiotic
mats. Although still sparse, the evidence available
suggests that lowly microbes greened the dry land
at least 2 billion years before macroscopic plants
appeared in the fossil record. Moreover, trackways
on Cambro-Ordovician eolian foresets in Ontario
indicate that some adventuresome arthropod made
forays onto land at the edge of the sea at least 40
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m.yr. or so before the previously recognized earliest
land animals appeared (MacNaughton et al. 1999,
2002). The more we learn, the earlier the appear-
ance of many life forms seems to have been, mak-
ing “deep time” seem a little less remote.
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