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ABSTRACT

Despite recent work, a comprehensive understanding of pre-Devonian terrestrial ecosys-
tems remains elusive, resulting in frequent speculation about their composition. Terrestrial
microbial mats are known from the Precambrian paleosol record, and bryophytes are known
from the Middle Ordovician palynological record. The intervening time, however, remains
enigmatic, although recent studies indicate a progressive ‘“‘greening” of the Precambrian prior
to the first unambiguous fossil evidence for land plants. In this study, an older than 503 Ma,
heavily weathered, clay-rich soil was identified and provides a window to a probable Cam-
brian terrestrial landscape. The paleosol developed on the ancient continent of Laurentia in a
dry, subtropical climate. Mobilization of Si, Al, and P indicate the influence of organic acids.
Apatite, a recalcitrant mineral present throughout the majority of the weathered section, is
notably absent from the top 30 cm of the paleosol. Few secondary phosphates and a complete
absence of oxide- or carbonate-bound P indicate that once biologically weathered, P remained
in an ecosystem-available form during the lifetime of this paleosol. The zone of apatite dissolu-
tion coincides with intense argillan development, indicating clay flocculation in the presence
of soil solutions rich in labile Ca*. Enhanced P weathering coupled with high Ca** concentra-
tions as a result of in situ apatite dissolution is a biosignature previously linked to the activities
of mycorrhizal fungi. Biosignatures of mycorrhizal fungi in a Middle Cambrian paleosol add
further evidence to the notion that there was an important terrestrial fungal presence prior to

the first unequivocal evidence for terrestrial land plants.

INTRODUCTION

Molecular-clock and geochemical studies
suggest that terrestrial ecosystems are of con-
siderable antiquity, with terrestrial bacteria
present as early as the Archean (Watanabe et
al., 2000; Battistuzzi et al., 2004; Battistuzzi
and Hedges, 2009; Driese et al., 2011) and
fungi and land plants present potentially as
early as the Neoproterozoic (Heckman et al.,
2001). These results are at odds with a major-
ity of the fossil record. To date, carbon and
oxygen isotope geochemistry (Horodyski and
Knauth, 1994; Knauth and Kennedy, 2009),
biotic enhancement of element mobility (Nea-
man et al., 2005a, 2005b, 2006), and changes in
phosphorus mobility during the Proterozoic and
Phanerozoic (Driese et al., 2007) have hinted at
a systematic “greening” of the terrestrial land-
scape during the Neoproterozoic and Cambrian.
The Cambrian may have been a critical turn-
ing point for the development of Phanerozoic
terrestrial ecosystems, with the emergence of
cryptospores of putative bryophytes (Strother et
al., 2004). Studies of Proterozoic and Cambrian
paleosol geochemistry, particularly of the fate
of apatite, may help illuminate changes in ter-
restrial flora that are not otherwise recorded in
the fossil record, and may aid in resolving the
discrepancy between molecular-clock predic-
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tions and observations from the fossil record. In
this study, the geochemistry and micromorphol-
ogy of a Middle Cambrian paleosol from Elk
Point, South Dakota, United States, revealed
mobilization of Si and Fe, a signature of organic
acid influence, as well as intense dissolution of
apatite, a P-rich mineral, from the surface envi-
ronment coupled with development of illuvial
clay features (likely a result of soil solutions
rich in labile Ca?* as a result of apatite dissolu-
tion), a pattern that has been previously linked
to the P-uptake activities of mycorrhizal fungi.

MATERIALS AND METHODOLOGY

The Elk Point core was drilled south of Elk
Point, South Dakota (NW NW NW NE Sec. 13,
T90N R50W; see Fig. DR1 in the GSA Data
Repository!). The basement material in this core
is a strongly foliated 1.733 + 0.002 Ga metagab-
bro (McCormick and Hammond, 2004). The
weathered section can be visually divided
into two distinct zones: a paleosaprolite with

!GSA Data Repository item 2012147, Tables DR1
and DR2 (raw oxide results and normative mineral
analysis results), and Figures DRI-DR3 (map of
study area, Elk Point element-mass-transfer normal-
ized to Ti, and apatite dissolution imagery), is avail-
able online at www.geosociety.org/pubs/ft2012.htm,
or on request from editing @ geosociety.org or Docu-
ments Secretary, GSA, P.O. Box 9140, Boulder, CO
80301, USA.

metagabbro textures (1.6 m) overlain by a red
paleosol where metagabbro textures have been
destroyed (3 m). The overlying Mount Simon
Sandstone (McCormick, 2005) contains a basal
conglomerate enriched in pyrite. The age of the
generally unfossiliferous Mount Simon Sand-
stone was constrained to older than 503 Ma,
based on Cedaria, Crepicephalus, and Aph-
elaspis faunal zones present in higher forma-
tions (Shergold and Cooper, 2004; McCormick,
2005; Runkel et al., 2007). The pyritization of
the upper layers of the paleosol indicates a soft
sediment at burial, placing its likely time of for-
mation in the Middle Cambrian.

Core description and sampling were com-
pleted at the South Dakota Geological Survey
core repository in Vermillion, South Dakota.
Subsequent work was completed at Pennsyl-
vania State University. Exterior surfaces from
the core were removed prior to grinding to 100
mesh (149 um). Major oxides were determined
for bulk samples using a Perkin-Elmer Optima
5300 inductively coupled plasma—atomic
emission spectrometer (ICP-AES). Core mate-
rial was sent to National Petrographic Service
for thin-section preparation. Cut surfaces and
thin sections were used for quantitative X-ray
mapping of elemental distributions on a Horiba
XGT-500. Mineralogy was determined using
X-ray diffraction (XRD) on a Rigaku D-MAX
RAPID microdiffractometer with three-dimen-
sional image plate. Each powdered sample was
packed into a 0.7 mm quartz tube and scanned
for 3 min. MDI Jade was used to determine
likely mineralogy.

Enrichment and depletion trends for major
oxides were calculated using the soil element-
mass-transfer equation (Brimhall and Dietrich,
1987; Anderson et al., 2002), which compares
the mass of mobile oxides to an immobile oxide.
The immobile element used in many paleosol
studies, including this one, is Al (Rye and Hol-
land, 2000; Driese et al., 2007), although Ti is
also commonly used (see Fig. DR2 for normal-
ization of the Elk Point paleosol to Ti). The
deepest metagabbro sample at 3096 cm below
the soil surface was used as the reference for
comparisons.

Normative mineral analysis was used to
determine partitioning of oxides in minerals
determined by XRD. Oxide weight percents
were converted to mole proportions. S and Fe
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were attributed to pyrite, with remaining Fe
attributed to hematite. P and Ca were attributed
to apatite (and hematite-associated P, if neces-
sary). Remaining Ca and Mg were attributed
to dolomite (and calcite, if necessary). Al, K,
and Si were attributed to illite. Remaining Si
was attributed to quartz. Ti was attributed to
titanium oxides. The main purpose of the nor-
mative mineral analysis was to determine par-
titioning of P in soil minerals.

RESULTS

The core section can be visibly divided into
four zones, starting with a quartz-dominant
sandstone with basal conglomerate rich in pyrite
that penetrates into the upper few centimeters
of the paleosol surface. Paleosol mineralogy
(hematite and illite) is present down to 286 cm
below the paleosol surface. Paleosaprolite min-
eralogy (dolomite, illite, and hematite) is pres-
ent 286480 cm below the paleosol surface.
Below 480 cm, metagabbro mineralogy domi-
nates (albite, anorthite, ilmenite, and grunerite).

Oxide enrichment and depletion patterns
are detailed in Figure 1. ICP-AES results
(Table DRI in the Data Repository) show sub-
stantial depletion of soluble cations, including
complete loss of Na, substantial (50%—90%) loss
of Ca, Mg, and Mn, and moderate (20%—50%)
loss of Fe. Ca and Mg are moderately to signifi-
cantly (10%—130%) enriched in the paleosapro-
lite. K is substantially (200%—400%) enriched
throughout the profile. Si is somewhat (10%—
25%) depleted, with the depletion increasing
up-section. P is somewhat (10%-25%) depleted,
with a few zones of enrichment (<35%) through-
out the weathered section, and is significantly
depleted (92%—97%) in the top 30 cm.

Soil micromorphological features are vis-
ible in thin section. Clay translocation is read-
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ily identifiable and is most noticeable near the
surface, where illuvial clay structures (argillans)
are present between 13 and 37 cm below the
surface of the paleosol and dominate the soil
microfabric at 28 cm (Fig. 2A). Dolomite is
visible within the base of the paleosol as indi-
vidual rhombs and throughout the paleosap-
rolite as larger amalgamations of rhombs and
grains (Fig. 2C). The unweathered metagabbro

parisons.

— K20

consists of plagioclase, biotite, and hornblende,
and their textures visually persist into the paleo-
saprolite despite complete chemical alteration.
They degrade substantially up-section (particu-
larly biotite via delamination) and are replaced
by clays in the paleosol. There is no visual evi-
dence for allochthonous material in the weath-
ered horizon, nor do Si and Ti contents indicate
substantial introduction of such material.

Biotite

Figure 2. Major features in the Elk Point paleosol (South Dakota, United States). A: A
laminated argillan indicative of downward clay mobilization (-16 cm). B: Heavily degraded
apatite grain near the top of paleosol (—46 cm), showing fracturing and infilling of fractures
by iron oxide and clay. C: Dolomite grains in the paleosaprolite, showing replacement and
secondary overgrowth (—316 cm). D: Apatite grains associated with biotite in the unweathered

metagabbro (-1576 cm).
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Normative mineral analysis results (Table
DR?2) suggest apatite content ranging between
2.2 and 4.9 wt% (average 3.4 wt%). All P can be
accounted for in apatite, indicating no oxide- or
carbonate-bound P. These results are consistent
with X-ray maps of thin sections, which show P
exclusively associated with Ca in apatite grains.

Apatite is present throughout the metagab-
bro, frequently in close association with biotite
(Fig. 2D). Moving up-section into the weath-
ered zone, biotite becomes intensely altered
while apatite remains minimally altered, with
some fractured grains present farther up-section.
Intense degradation of apatite is not observed
until 30 cm depth (Fig. 2B). Fragments tend
to be smaller and more rounded and appear to
have been subject to heavy alteration, resulting
in fracturing and infilling of cracks by clays and
iron oxides, as compared to intact grains in the
metagabbro (see Fig. DR3 for more imagery).
Apatite abruptly disappears above this zone and
is completely absent in the top 30 cm. There is
little evidence of widespread secondary phos-
phate precipitation. Biotite, which is intensely
altered throughout the weathered section, shows
no visible changes in its weathered state through
the depths where apatite is altered.

DISCUSSION

Subtropical Weathering

The substantial loss of mobile cations in the
Elk Point paleosol is consistent with pedogen-
esis (Driese et al., 2007; Zhang et al., 2007). In
drier environments, carbonate can precipitate at
the average depth of wetting (Retallack, 2001).
In this profile, carbonates appear at the base
of the paleosol and throughout the underlying
paleosaprolite (>260 cm depth). However, their
dominant form is dolomite, which is not typical
of soil environments. Coupled with substantial
K enrichment throughout the profile, it is likely
that dolomitizing metasomatic fluids, which
commonly affect paleosols in the Midcontinent
region (Liu et al., 2003; Driese et al., 2007),
dolomitized pre-existing pedogenic carbon-
ates and illitized probable relict smectites. The
geochemistry of the paleoweathered zone is
otherwise unaffected, an observation supported
by previous studies of weathering in the Mid-
continent region (Driese et al., 2007). Surficial
pyrite enrichment penetrates a few centimeters
into the paleosol and is likely the result of early
diagenesis of the soft Fe-rich paleosol surface
by S-rich oceanic waters.

Paleosol development at Elk Point is similar
to modern weathering on mafic parent mate-
rial (Schaetzl and Anderson, 2005). A P-poor
leaching zone (not quite an eluvial horizon due
to the persistence of clay) is present above an
illuvial clay-rich horizon that grades to a cambic
horizon. The paleosol overlies a carbonate-rich
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paleosaprolite and indicates significant weath-
ering in a subtropical climate. The presence of
carbonates at depth and a lack of evidence for
significant Al mobilization suggest a dry envi-
ronment (Neaman et al., 2005a).

Apatite Dissolution and Fate of Phosphorous
The primary inorganic source of P in terres-
trial environments is weathering from apatite,
and so P tends to be a limiting nutrient over geo-
logic time. P can be liberated from apatite by
abiotic dissolution, dissolution in the presence
of organic acids, or targeted biological attacks.

Modern soils forming in acidic conditions
tend to show substantial mobilization of Al and
development of quartz-rich eluvial horizons.
Acidic soil conditions also favor the destruc-
tion of smectite clays and formation of kaolin-
ite (Schaetzl and Anderson, 2005). There is no
evidence for kaolinite clays, eluvial horizon
development, or substantial mobilization of
Al, indicating that the Elk Point soil was likely
alkaline during its lifetime. Apatite is relatively
weathering-resistant in alkaline soils (Taunton
et al., 2000b; Welch et al., 2002; Neaman et al.,
2005b), thus precluding a purely abiotic expla-
nation for P losses.

Si, Fe, and P have been mobilized in the
weathered section, showing moderate losses
throughout the profile (with near-complete loss
of P from the surface). Enhanced mobilization
of these elements during pedogenesis has been
experimentally verified to be a result of organic
ligand activity (Neaman et al., 2005a, 2005b).
Previous researchers have also attributed P
loss from Precambrian soils to the presence of
organic acids (Driese et al., 2007, 2011).

Targeted attacks on minerals have been pre-
viously reported for mycorrhizal fungi (Ness
and Vlek, 2000; Bonneville et al., 2009). Hall-
marks of a mycorrhizal attack on apatite include
removal of P from soil solution via uptake, with
concomitant increase in Ca®* near the dissolving
apatite crystal (Ness and Vlek, 2000). Argillans
are a very prominent component of the soil fab-
ric just above the last appearance of apatite. In
modern soils, clays disperse in horizons that are
depleted in cations, and flocculate in zones that
are either prone to desiccation or rich in cations
such as Ca and Mg (Schaetzl and Anderson,
2005). Pedogenic carbonates (later dolomitized)
present well below the argillan-rich zone indi-
cate that desiccation was not limited to the top
30 cm of this paleosol. The ubiquity of clay
coatings and argillans near the zone of intense
apatite degradation is consistent with floccu-
lation in a zone where the soil solution would
have been persistently enriched in Ca* as a
result of active apatite dissolution.

Once liberated from apatite, P can be lost
to runoff or leaching, remain in biologically
available organic (organic P) and inorganic

(secondary phosphates) forms, or precipitate
with Fe- and Al-oxides (Crews et al., 1995).
The presence of carbonates at depth and a lack
of Al mobilization preclude inorganic leaching
from the paleosol as an explanation for loss of P.
Bacteria and fungal hyphae suppress secondary
phosphate precipitation through uptake of P or
active dissolution of previously precipitated sec-
ondary phosphates (Taunton et al., 2000a). The
paucity of secondary phosphates at Elk Point,
combined with a complete absence of Fe- or Al-
oxide-bound P, indicate that P remained in a bio-
available form as a result of the activities of soil
denizens during the lifetime of this paleosol. In
the absence of secondary phosphate precipita-
tion, apparent P enrichment at depth is likely an
artifact of recalcitrant apatite grains becoming
concentrated as more labile components of the
paleosol were lost.

CONCLUSIONS

Molecular-clock and equivocal palynologi-
cal studies consistently suggest that fungal and
bryophyte ecosystems are older than previously
established (Middle Ordovician). In addition,
the mobilization of P, a limiting nutrient on
land, from ancient soil surface horizons appears
to have intensified from the Precambrian to
the Cambrian (Driese et al., 2007; Driese and
Medaris, 2008; Horodyskyj, 2009). Taken
together, these various lines of evidence sug-
gest the increasing prominence of bryophytes
and their associated rhizospheres at the expense
of lichens and microbial mats that would have
previously occupied the terrestrial realm dur-
ing the Neoproterozoic and Cambrian. The
Middle Cambrian Elk Point paleosol utilized
in this study recorded a geochemical footprint
of terrestrial biota during this time of transi-
tion. Although moderately altered by postburial
metasomatism, the paleosol preserves clear
geochemical and pedogenic signals indicating
a targeted biological attack on the P-rich min-
eral apatite in the top 30 cm of the profile during
weathering in a dry, subtropical climate. Paleo-
sol geochemistry is inconsistent with a purely
abiological mechanism for apatite loss in the
top 30 cm of the paleosol. P loss via thorough
leaching or P retention in soil reservoirs such
as oxides or secondary phosphate precipitates
is likewise not supported by the geochemi-
cal evidence, indicating that P remained in a
bioavailable form once liberated from apatite.
Additionally, illuvial clay dominates the soil
microfabric in the transition zone between apa-
tite-rich and apatite-depleted soil. Clay floccu-
lation is enhanced in zones of high soil cation
concentrations, which would have been present
in a zone of active apatite dissolution.

The substantial depth of dissolution (30 cm),
combined with preferential uptake of P over
Ca (resulting in high soil Ca** concentrations
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as evidenced by argillan formation), is strongly
indicative of the presence of mycorrhizal fungi
in this Middle Cambrian U.S. Midcontinent
soil. Mycorrhizal fungi typically colonize vas-
cular plant roots, but can also form mycorrhiza-
like associations with bryophytes (Read et al.,
2000; Renzaglia et al., 2007). Mycorrhizal
fungi are known from fossils as old as 460 Ma
(Redecker et al., 2000) and likely evolved
earlier. The geochemical signatures of mycor-
rhizal fungi in this Middle Cambrian paleosol
push back their first appearance by >43 m.y.,
and cast a new light on the players involved in
terrestrial ecosystem reorganization during this
enigmatic period of time.
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