Evidence for 2.0 Ga continental microbial mats in a paleodesert setting
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ABSTRACT

Early evolved microbial communities characterized the initial biological invasion of
Precambrian continental landscapes. In modern arid settings, microbial mats and biological soil
crusts are well-developed and stabilize sediment. The Paleoproterozoic Makgabeng Formation in
South Africa is one of the oldest and best preserved, dryland systems on Earth. Six types of
microbial mat-related structures are now recognized within these depositional systems. This
paper presents three newly discovered structures, that include tufted microbial mat, biological
soil crusts, and gas-escape features, in addition to three previously documented structures that
include roll up features, sand cracks, and wrinkled features. These discoveries demonstrate that
microbial communities were well-established and inhabited diverse continental settings by 2.0
Ga, approximately 200 million years after the onset of the Great Oxidation Event.

KEY WORDS: Paleoproterozoic, South Africa, paleo-desert deposits, microbial mats,
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1. Introduction

Microbial mat communities played a critical role in the initial biological invasion of
Precambrian continental landscapes (Campbell, 1979; Buick, 1992; Prave, 2002; Battistuzzi et
al., 2004; Retallack, 2008; Beraldi-Campesi et al., 2009, Beraldi-Campesi and Garcia-Pichel,
2011; Finkelstein et al., 2010;Noftke, 2010; Sheldon, 2012). Stable isotope and/or major element
geochemistry gleaned from paleosols and marine sediments have been cited as proxy evidence of
initial biological expansion of microbes onto continents in the Archean (Kenny and Knauth,
1992; Gutzmer and Beukes, 1998; Watanabe et al., 2000; Retallack, 2001; Stiiecken et al., 2012).
During the Archean, this ecospace exploitation led to the initial appearance of the mature quartz
sandstones generated partially (in addition to an aggressive paleo-atmosphere) by microbial
binding that enhanced in situ weathering(Dott, 2003). Although the exact timing is uncertain,
initial terrestrial mat and crust development appear to have occurred after the onset of the
prokaryotic radiation (Labandeira, 2005). Phylogenic analysis is congruent with these estimates
that colonization of continents transpired between ~2.8-3.1 Ga (Battistuzzi et al., 2004).

This study describes the variety of microbially induced sedimentary structures (MISS;
Noftke et al., 1996) and biological soil crust (BSC) features in the ~2.0 Ga (new age constraint),
Makgabeng Formation, South Africa (Fig. 1) and documents their morphological varieties in
continental environments. These MISS and BSC structures signal the presence of a robust and
thriving Paleoproterozoic continental microbial ecosystem, approximately 200 million years after

the Great Oxidation Event (e.g., Holland, 2002, 2006).
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Figure 1 — A) Locality map of the Main Waterberg Basin in northern South Africa. The northern boundary of the
basin is delineated by the Palala Shear Zone and the southern boundary by the Thabazimbi-Murchison Lineament.
B) Google Earth map view of the Makgabeng plateau. Note the location of the cliff exposure and the dip slope to the

southwest.

2. Geologic Setting

The Waterberg Group ranges from approximately 2.06 to 1.88 Ga based on new mapping
and radiometric age constraints; these age constraints are significantly older than previously
thought (SACS, 1980; Jansen, 1982; Walraven and Hattingh, 1993; Bumby, 2000; Bumby et al.,

2001, 2004; Eglington and Armstrong, 2004; Hanson et al., 2004; Dorland et al., 2006). The



MAIN BASIN

SE - Center MME - Center

VWY

i-‘ Setlacle Fm,

local uncondcm ity - aneltsn
et 4 by Mgy Bl CONEEmLy

Irfarrad frod —

Bawd - - lateral gradagon
unconfomity Hlnt ompeaton

Figure 2 — Stratigraphic units of the Main Waterberg Basin. Chart — Correlation chart of stratigraphic units
contained in the Main Waterberg Basin with those of the Middleburg Basin (Modified from Eriksson et al., 2008).
The stratigraphic interval on which this study is based is exposed in the N-NE of the basin. A) Conglomerates in the
lower part of the Mogalakwena Formation. Person is 1.70 m tall. B) Erosional contact between the Makgabeng
Formation (eolian sandstones) and the younger Mogalakwena Formation (fluvial conglomerates). Hat is ~25 cm. C)
Fluvial sandstones of the Setaole Formation. Person is 1.70 m tall. D) Fluvial, trough cross bedded sandstones of the

Blouberg Formation. Backpack for scale.

Main Waterberg Basin, part of the Kaapvaal Craton, is bounded to the north by the Limpopo

Mobile Belt as exemplified by the Palala Shear Zone (Fig. 1; Light, 1982; Roering et al., 1992;



Kroner et al., 1999) and to the south by the Thabazimbi-Murchison lineament (Kroner et al.,
1999). The Limpopo Belt has an extended and complex tectonic history with numerous periods
of fault reactivation that acted as a northern source for pulses of sediment entering and filling the
Waterberg Basin (Bumby, 2000; Bumby et al., 2001, 2004). Regional paleocurrent analysis in
the northern part of the Waterberg basin supports a consistent source from the Limpopo Belt for
the time span of the Waterberg Group fluvial systems (Callaghan et al., 1991; Bumby, 2000;
Bumby et al., 2001, 2004; Eriksson et al., 2006, 2008).

Within the Main Waterberg Basin, the Waterberg Group is subdivided into eleven
formations that vary vertically and laterally in lithology (Fig. 2; Eriksson et al., 2006). In the
northern part of the Main Waterberg Basin the Makgabeng Formation conformably overlies the
Setlaole Formation and in turn is disconformably overlain by the Mogalakwena Formation (Fig.
2; SACS, 1980; Jansen, 1982; Bumby, 2000). The Setlaole Formation consists of feldspathic
sandstones and conglomerates (with minor volcanic ash layers) that record southward-draining
braided fluvial systems shed off the reactivated Limpopo Belt (Fig. 2; Callaghan et al., 1991;
Bumby, 2000; Bumby et al., 2001). The contact between the Setlaole and Makgabeng formations
is not well exposed in the study area. Polymictic conglomerates and feldspathic to lithic
sandstones characterize the younger Mogalakwena Formation and these reflect the presence of
braided stream systems with unusually high stream gradients, also sourced from the reactivated
Limpopo Belt (Eriksson et al., 2006, 2008).

The Makgabeng Formation crops out along a series of cliff faces, ~ 15 km long, as well
as dip slope exposures on the concomitant plateau in the northern part of the main basin (Fig.1;
Bumby, 2000; Eriksson et al., 2008) where the Makgabeng Formation reaches a maximum

thickness of ~800 m. Here, the upper strata of the Makgabeng Formation are best exposed. The



Makgabeng Formation is composed predominately of fine- to medium-grained, quartz-rich
sandstone (Callaghan et al., 1991; Eriksson and Cheney, 1994; Bumby, 2000; Eriksson et al.,
2000; Simpson et al., 2002, 2004). Along the plateau and the cliff face, strata dip approximately
southwest at less than 5°. Metamorphism of the Makgabeng Formation strata was minimal and is
mainly linked to a series of cross-cutting, post-Bushveld-age doleritic dikes (Hansen et al., 2004)
and shallow-burial metamorphism. The dikes are expressed as a series of linear topographic lows

on the plateau (Fig. 1). Hydrothermal metamorphism and soft-sediment deformation of the

Makgabeng Formation strata are restricted to the proximity of these dikes.

Figure 3 — Field photographs of various facies of the Makgabeng Formation. A) Cliff face mosaic of the Makgabeng
Formation. B) Photomosaic of lower erg interdune deposits. Note the pinching of interdune deposits laterally to the

right of the photo. Figure is 1.7 m tall.



Figure 4 — Composite stratigraphic section through the upper Makgabeng Formation. This section was compiled
from 4 measured sections through the lower cliff face. The thickness of the upper erg deposit was estimated by use

of GPS.

The Makgabeng Formation quartz sandstones are one of the oldest eolian erg deposits
preserved on Earth (Eriksson and Cheney, 1992; Eriksson and Simpson, 1998; Simpson et al.,
2002; 2004; Eriksson et al., 2013). Associated with the preserved dune deposits are interdune,
saline pan/playa, and minor fluvial environments (Fig. 3; Meinster and Tickell, 1975; Callaghan

et al., 1991; Bumby, 2000; Simpson et al., 2002, 2004). Within the eolian deposits, specifically



the interdune setting, mudstone roll-up structures have been previously documented (Eriksson et
al., 2000; 2007; Porada and Eriksson, 2009). Other types of sedimentary features that are
attributable to the binding of microbial mats have been recognized (Eriksson et al. 2007; Porada
and Eriksson, 2009). The upper strata of the Makabeng Formation are best exposed within the
cliff face and on the dip slopes of the plateau (Meinster and Tickell, 1975; Callaghan et al., 1991;
Bumby, 2000; Eriksson et al., 2000; Simpson et al., 2002, 2004; Heness et al., 2012). This work

was restricted to the uppermost ~ 75 m of strata (Fig. 4).

3. Paleoenvironments

The facies composing the upper strata of the Makgabeng Formation record the impact of
climate variation on the Paleoproterozic dune field system (Eriksson et al., 2012; Heness et al.,
2012). Within this upper portion of the Makgabeng Formation, lower and upper erg deposits are
separated by a laterally extensive playa deposit. (Figs. 3A and 4 and Table 1; Bumby, 2000;
Heness et al., 2012). Variable size sets of eolian cross-strata compose the lower erg deposits
(Table 1). Wet interdune deposits of the lower erg increase in abundance, thickness, and lateral
extent approaching the overlying medial playa strata (Figs. 3B and 4; Eriksson et al., 2000;
Heness et al., 2012). The transition from the lower erg to the overlying playa deposit is abrupt,
and the stratal surface at the base of the playa has up to ~50 cm of relief (Fig. 3C). The playa
facies varies greatly in grain size, from mudstone to coarse-grained sandstone (Simpson et al.,
2004; 2012). Climatic amelioration at variable time scales is reflected in the vertical variation of
the facies stacking patterns. The upper erg deposit consists of larger-scale cross-bed sets (Table
1). In the main portion of the upper erg deposit interdune deposits are very thin, less than a

centimeter thick, to absent (Fig. 3D). Near the top of the upper erg deposit, playa and



interfingering sand-dominated ephemeral fluvial facies reflect an increase in precipitation (Fig.
4; Bumby, 2000; Heness et al., 2012). Also, near the top of the upper erg deposit, dune facies
with interbedded massive sandstone facies, more prevalent and better developed below the
contact with the overlying Mogalakwena Formation, attest to climatic amelioration that led to

cessation of erg development (Fig. 4).

4. Microscopic Mat Features: establishing biogenicity

Noftke (2009) developed six criteria to determine the biogenicity of sedimentary features
found in Precambrian strata. Although the criteria were developed for marine strata, the
benchmarks are mostly applicable to Precambrian continental strata as well. Noffke’s (2009)
criteria necessary to assign biogenicity to features include: 1) strata with a metamorphic grade
less than lower greenschist facies; 2) position in the stratigraphic section that corresponds to the
transition from regression to transgression in marine sections (not applicable to true continental
settings); 3) interpreted depositional facies that enhance the development and preservation of
microbial mats; 4) feature distribution that correlates to the average hydraulic pattern; 5)
geometries and patterns that have modern analogs; and 6) presence of, at minimum, one of nine
specific microtextures. Microtextural criteria to aid in the identification of mat features include
elongate laminae, laminae forming carpet-like textures, fossil fabric orientations matching the
modern, ~45° span, and laminations composed of iron oxides and hydroxides, titanium oxides,
chlorite, and carbon (Noftke et al., 2008). Schieber (1998) asserts that positive identification
requires that microbial filaments be found in thin section in life position.

Makgabeng Formation microbial features meet five of the six criteria. Deformation is

minimal in the Makgabeng Formation (Fig. 5). Makgabeng Formation microbial mat



Figure 5. Photomicrographs of microbial mat features. A) MISS from marginal marine deposits of the 3.2
GaMoodies Group, South Africa. See Noffke et al. (2006) for detailed description of the occurrence. B) Variation in

mat thickness in the tufted microbial mat of the Makgabeng Formation.C) Mat fragment or mat chip from the

Makgabeng Formation. Compare texture to A.
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microscopic textures satisfy most of the criteria outlined in Noffke et al. (2008) including
filmentous laminae, oriented grains, textures lined with iron oxides and hydroxides and clay
minerals (Fig. 5).
5. Mat features in Makgabeng Formation

Mat features, in particular muddy roll-up structures, were first described by Eriksson et
al. (2000). Eriksson et al. (2007) and Porada and Eriksson (2009) expanded the list of mat
structures by describing sandcracks and wrinkle structures. Three new features described below
consisting of tufted microbial mat, biological soil crusts, and gas-escape structures bringing the
total to six types of microbial mat-related structures that are now identified from the Makgabeng

Formation.

5.1.Roll-up structures
5.1.1.Description

Roll-up features are restricted to interdune facies and the overlying dune plinth of the
lower erg deposit and have not been recognized in the upper erg deposit (Bumby, 2000; Eriksson
et al., 2000). We include mat chips and desiccated large mat fragments as described in Porada
and Eriksson (2009) with the roll-up features (Fig 6).

Roll-ups consist of silty mudstone laminations that are coiled through 2 to 3 revolutions,
greater than 720° and less than 1060° of rotation (Eriksson et al., 2000). Laminations comprising
roll-up features are commonly less than 1 mm thick (Fig. 6F). The features are circular to
elliptical in cross-section. Roll-ups are preserved as elongate, cigar-shaped tubes up to 8 cm in
length (Fig 6B). Different scales of desiccation cracks typically define the upper surface of the

laminations (Figs. 6D and E). Wrinkle structures are also present on these upper surfaces of the



Figure 6 — Field photographs of mat fragments and roll-up features in the Makgabeng Formation. A) Bedding plane
view of mat fragments. These mat fragments are located at the transition from interdune deposits to overlying dune
toe-set deposits. Scale is in cm. B) Long axis view of roll-up features. These features are present in dune toe-set
deposits above an extensive interdune deposit. Scale is in cm. C) Bedding plane view of mat fragments. This mat
fragment specimen is from interdune deposits. Scale is in cm. D) Bedding plane view of large mat fragment. Note
the sub-centimeter scale desiccation cracks. This specimen was found in float. Scale is in cm. E) Bedding plane view
of large mat fragment. This specimen was found in float. Note the sub-centimeter scale desiccation cracks. Scale is
in cm. F) Cross-section view of algal roll-up features. These features are present in dune toe-set deposits above an

areally extensive interdune deposit. Arrows point out roll features. Scale is in cm.

rolled up laminations. Mudstone chips are associated with the roll-up features (Figs. 6A, C, D
and E). Chips vary in size from a few millimeters to 10s of centimeters in length and width.
Larger chips are curled and commonly display complex scales of desiccation cracks (Figs. 6D

and E).



5.1.2. Interpretation

Since Eriksson et al.’s (2000) original interpretation of an algal origin, a series of
experiments and observations in modern settings concerning the microbial mat origin of roll-ups
have affirmed the assertion that the generation of these features requires the presence of
microbial mats (Beraldi-Campesi and Garcia-Pichel, 2011; Bouougri and Porada, 2012). We
have included the desiccated mud chips because they represent a spectrum of erosive energy and
transport of mat-bound sediment after mat desiccation. Viable mechanisms that could have
generated the roll-up features and desiccated mud chips in the Makgabeng interdune deposits
include wind and water transport.

Detailed flume studies examining erosion of subaqueous mat-sediment binding products
demonstrate that roll-up structures are linked with more mature, thicker microbial mat (Hagadorn
and McDowell, 2012). Based on isolating specific parameters in these experiments, mat growth
over periods, thick mats, greater than 30 days and erosive velocities of more than ~ 30 cm/sec
but less than 40 cm/sec, are one set of possible conditions that can generate roll-up features.
Additional observations of modern analogs on tidal flats and sabkhas produced a facies model
that demonstrated the effect of windshear on the erodability of microbial mats (Bouougri and
Porada, 2012). Wind shear across the mats generated a succession of features, from torn mats,
folding and crumpling, flipped edges, and later wind-transported mat fragments. In this
qualitative model, the development of roll-up features is restricted to the upper intertidal to the
lower supratidal zone where mats and substrate were less saturated with water (Bouougri and
Porada, 2012). Mat fragmentation developed in an upper supratidal-sabkha setting where mats

are subjected to drier conditions.



The assignment of a biogenic origin to the roll-up features in the Makgabeng Formation
is strongly supported by the experimental studies of Beraldi-Campesi and Garcia-Pichel (2011).
The necessary presence of a mat adds pliability to mudstone allowing the muds to coil
repeatedly, and this was tested by a series of experiments by Beraldi-Campesi and Garcia-Pichel
(2011). These experiments confirmed that smectitic clays alone do not suffice to produce the
concentric coiling found in continental microbial mats.

Based on the above, viable mechanisms for roll-up generation and fragmented mat
transport in the Magkabeng Formation are probably wind and water movement. All of these
experiments and observations affirm the original interpretation by Bumby (2000) and Eriksson et
al. (2000; 2007). Porada and Eriksson (2009) suggest that the microbial mat roll-up features were
induced by wind blowing across the Makgabeng Formation wet interdune areas and that the mats
were coherent enough to survive transport onto the toes of the dune plinths. Higher wind
velocities and longer distances of transport likely caused fragmentation of the microbial mats

observed in Makgabeng Formation.

5.2. Sand Cracks

5.2.1. Description

A spectrum of isolated to interconnected sand cracks occurs in the Makgabeng Formation (Figs.
7 and 8; Eriksson et al., 2007; Porada and Eriksson, 2009). Original reports from the area
highlighted the occurrence of sand cracks in the interdune facies (Fig. 7). Recent fieldwork
confirmed the occurrence of sand cracks in the interdune facies in the lower erg deposit and also
recognized a wider distribution of the sand cracks into the lower portion of the playa facies. Sand

cracks have not been identified from the upper erg strata.



Figure 7 — Photographs of sand cracks. A) Photomosaic of sand cracks in interdune deposit. Asymmetrical ripples

cover the bedding plane. Scale card is 6 cm in length. Outlined block is slab in C. B) Line drawing of crack system
in A. C) Slab photograph of sand cracks. Note the curving nature of the cracks and elevated crack rims. D) Line

drawing of crack system in C.

Cracks are isolated and spindle shaped or connected in continuous crack systems
displaying classic crack geometries, triple junctions and spindle forms (Figs. 7 and 8). Cracks are
best developed on asymmetrically rippled bedforms preserved on bed tops and extend parallel to
both the crests and troughs of bedforms (Fig. 7A). In some layers, cracks are restricted to the
crests of bedforms. Junctions of cracks are either sharply angled or sinuous (Figs.8B and C).
Margins of isolated cracks are sharp and some are slightly raised in elevation (Figs.8C and D).
Complex wrinkle features at the crack margins occur in completely connected crack systems
(Fig. 8C), and graben-like features are present in thin section (Fig. 8B). Where developed
independently, some cracks run parallel to each other (Fig. 8B). Atypical triple junction

intersections are also present (Fig. 8D). On bedding planes, straight cracks are associated with
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Figure 8 — Photographs of sand cracks. A) Oblique field photograph of sand cracks with the crack system following
the crest line of asymmetrical ripples. Brunton compass is 7 cm. B) Two parallel crack systems. C) Elevated crack
rims. D) Intersection of two trilete-shaped desiccation cracks. Note the complexity of the rim margins. Scale in B, C,

and D is in cm.

and crosscut the sinuous cracks. The observed bedding surface with complex cracks also displays
mm-scale irregular, rough, crinkled textures near the cracks.

In thin sections, up to three inferred mat layers are recognizable and are separated by, at
most, 1 cm (Fig. 8). The spacing between observed mats in these cases decreases vertically (Fig.
9). Interpreted mat layers are nearly continuous across the thin section and composed of a series
of discontinuous overlapping filaments. Margins of the cracks are “thickened” relative to the

more distal areas, away from the crack. Soft sediment faults crosscut the sediment and mat layers



(Fig 9A). In thin section, soft-sediment fluidization is localized in the graben of one isolated

crack system (Fig. 9B).
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Figure 9 — Thin section photomicrographs of sand cracks. A) Scan of thin section. Note the soft-sediment
deformation in the graben area of the crack and thickening of sediment layering adjacent to the rupture zone. B)

Photomicrograph through desiccation feature. Scale bar is 0.5 mm. Nichols are parallel.

5.2.1. Interpretation

Silts and sands lack cohesion to form cracks and therefore muds or microbial mats are
required to drive the cracking process (Schieber, 1998, 1999; Eriksson et al., 2007; Porada and
Eriksson, 2009; Tang et al., 2012). Thin section work here demonstrates the presence of
preserved mat features, affirming the microbial mechanism proposed by Eriksson et al. (2007)

and Porada and Eriksson (2009) for the Makgabeng sand cracks.
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Variation in the width and height of the sand cracks may reflect uneven mat thickness
(Noftke et al., 2001; Bose and Chafetz, 2009). Sand cracks with more sinuous shape often are
developed in troughs between ripples (Pfliiger, 1999; Eriksson et al., 2007) where the mats are
thicker and, concomitantly, cracks are less well developed on the crests. The Makgabeng
Formation cracks exhibit no preferential development in either crests or troughs, likely indicating
a probable uniformly thick mat.

In the specific case of the Makgabeng Formation, inferred multiple mat horizons induced
complex microstructural solutions to the tensional forces caused by mat desiccation (Fig. 8). The
elasticity of the mat is reflected in the thickening of the sedimentary layering along the mat
margin, from elastic “snap back” of the mat. The relatively rapid pull back of the sediment layer
produced unloading over the graben and increased loading along the crack margin. If the bed was
water saturated, the changes in load then induced fluidization in the central graben area with the
lower confining pressure (cf. Lowe, 1975; Owen, 1996; 1997). If beds were not water saturated

then the internal deformation style was brittle in character.

5.3. Wrinkle structures
5.3.1. Description

Wrinkle structures are restricted to interdune deposits and have been identified from only
a single bed (Fig. 10). The upper bedding surface exposes ridges and swales that are crudely
parallel with a mean spacing of approximately 5 mm and with a maximum of ~15 mm. Other
ridge trends are oblique and form very crude reticulate patterns. A larger mound-like structure

shows ridges radiating from the mound-peak (Fig. 10C).



Figure 10 — Field photographs of the wrinkled mats on bedding planes. A) Outcropping of wrinkled mats in
interdune deposit. Scale is in cm. B) Enlargement showing complex, wrinkle morphology. Scale is in cm. C)

Wrinkle mat close up. In top portion is an elevated mound with radiating wrinkles. Scale is 5 cm.
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Figure 11 — Thin section photomicrographs of wrinkled mats. All are photographed in plane light. A) Thin section of
wrinkle features. Note the large grains armor the sandstone interval. B) Variation of texture across the siltstone

interval. C) Change in orientation around sand gains. D) Best mat development at the top of the photograph.
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In thin section, mat features are preserved above an irregular topography consisting of a
larger sand-size grain mantle (Fig. 11). The mat features are developed in siltstone and are
reflected as irregular, discontinuous laminations at the bottom of the siltstone and more
continuous mats at the top of the bed (Figs. 11A and B). Internally the siltstone bed laminations
deflect and drape the larger grains at the interface with the underlying bed. The lamination
inclination decreases from vertical to near horizontal, but they display undulations over a larger
scale. The core of the bed comprises graded siltstone (Figs. 11A and B). Organic fragments
define laminations in the graded bed and increase in abundance vertically. At the top of the bed,

organic laminations are of higher density and contain floating silt grains.

5. 3.2. Interpretation

Wrinkle structures are formed and are preserved in sediment beneath microbial mats
(Hagadorn and Bottjer, 1997; 1999; Porada and Bouougri, 2007a; 2007b). They are found in a
diverse paleogeographic range, from deep marine to a variety of continental environments
(Hagadorn and Bottjer, 1997; 1999; Noftke, 2000; Porada and Bouougri, 2007a, 2007b; Mata
and Bottjer, 2009). A variety of mechanisms have been proposed for the genesis of mat
wrinkling including: 1) tractional shear across the mat surface (Hagadorn and Bottjer, 1997,
Bouougri and Porada, 2002), 2) gas expulsion (Pfliiger, 1999), 3) loading (Noftke et al., 2002),
and 4) primary growth topography (Schieber, 2004). Proposed producers of wrinkle structures
include cyanobacteria, sulfur-oxidizing bacteria, or green sulfur bacteria (Mata and Bottjer,
2009). Motility of cyanobacteria generates unidirectional sliding and colliding of filaments that
translate into a more organized reticulate pattern in the larger mat structure (Shepard and

Sumner, 2010).



Thin sections from this study demonstrate that initially mat and sediment draped the
underlying bed topography that consisted of coarse grains of sand. These coarse grains of sand at
the abrupt transition probably represent a deflation lag developed on the underlying sandstone
bed (cf., Clemmenson and Tirsgaard, 1990). These deflation lags would develop with the water
table below the sediment-air surface, followed by an increase in precipitation that raised the
water table, thus permitting the development of the overlying microbial mat at the sediment-
water interface (e.g. Loope, 1985; Fryberger et al., 1988; Langford and Chan, 1989; Fryberger,
1990). Silt-sized grains were delivered to the interdune area through suspension settling (dust).
Silt is commonly laid down in interdune settings (Ahlbrandt, 1979; Fryberger et al., 1983;
Simpson and Loope, 1985). This dust consisted predominantly of quartz grains and probable
fragments of microbial mats. Mat fragments remain coherent even through extensive wind
transport (Bouougri and Porada, 2012). After filling and stabilization of the initial relief the
microbial mat leveled out the topography (Fig. 9; see Noftke, 2010). The best-developed mat
occurs at the top of the bed reflecting limited detrital input and signaling the end of the

sedimentation unit.

5.4. Tufted microbial mat
5.4.1. Description

Tufted microbial mat features are restricted to interdune deposits. The features are found
on top of a ~1cm-thick fine-grained sandstone bed. The sole of the bed possesses casts of the
cracked sandstone bed below. The bed surface is rough and displays an uneven texture that is
randomly punctuated by 2 mm-tall vertical bump-like structures (Fig 12). Bumps display no

preferred orientation but some are more elongate rather than round (Fig 12).



Figure 12 — Slab photographs of the tufted microbial mat. Scale in all photographs is in mm.

In thin section, the centimeter-thick bed displays fine sandstone at the base replaced
vertically by medium-grained sandstone (Fig. 13A). The top of the bed consists of fine-grained
sandstone again (Fig. 13A). The mat developed on the bumpy features contained floating grains
in silt to very fine-grained sand size. Microtopography consists of millimeter-scale bumps cored
by fine-grained sandstone (Fig. 13A). Variation in the thickness of the inferred mat features is
linked to the microtopography (Figs. 13A and B). Microtopographic highs are characterized by
thinner mat drapes or even their absence, whereas microtopographic lows are associated with

thicker inferred mat features.



Figure 13 — Tufted microbial mat. All photomicrographs are taken under plane light. A) Scan of thin section of
tufted mat. Thin section is ~ 4.0 cm in width. Note box showing the location of B. B) Enlargement of thin section
displaying thickness variation across the tufted mat surface. The preserved mat is thicker in the lows and thinner in
the highs. Scale bar is 1 mm. Boxes show the positions of figures C and D. C) Thick mat with contortions that
overlie more planar mat surface. Scale bar is 0.5 mm. D) Thicker mat composed of two different textured features.

Scale bar is 0.25 mm.



5.4.2. Interpretation

The interpretation of this mat type is problematic as it may represent either inherited
sedimentary topography filled by a mat, or a tufted microbial mat. Tufted-mat features are
recognized and described from modern marine strandline settings where tufts are attributed to
polarity changes in the growing filamentous cyanobacteria. The result is a condensed fibrillar
meshwork that is elevated several millimeters above the basal mat (Gerdes et al., 2000; Noffke,
2010). Bose and Chafetz (2009) report high tufts of mats at the intersection of microbial bulges
in their reticulate mat features. These types of mats form in the upper intertidal zone with little
moisture content except that which is derived from very high water levels or from precipitation
(Bose and Chafetz, 2009). In addition they have been recognized in Archean lacustrine deposits
(Flannery and Walter, 2012). The recognition of tufted mat features at either the microscopic or
macroscopic level provide unambiguous evidence for the presence of MISS (Noftke, 2009;
2010). In the Makgabeng Formation this feature, if reflecting a tufted mat, potentially provides

unambiguous evidence for the presence of microbial mats.

5.5. Biological soil crusts
5.5.1. Description

Biological soil crust (BSC) features are located along a bedding plane at the transition
from the lower erg into the lower playa (Figs. 3C and 14). This stratal boundary between the two
facies displays undulating relief of up to 50 cm (Fig. 3C). The features are preserved on the
highest and least eroded points along the stratal boundary. The BSCs consist of preserved
patches of poorly sorted, fine-grained sandstone with 1 cm-wide diffuse desiccation features. The

cracks are best developed on the surface of the highest elevation (Figs. 14A and B). At the edges,



Figure 14 — Field photographs of modern and ancient biological soil crusts. A) Preserved biological soil crust at the
boundary between the dune and playa deposits in the Makgabeng Formation. Note the polygonal desiccation
features and the microtopography on the polygonal features. Scale is in centimeters. B) Preserved biological soil
crust at the boundary between the dune and playa deposits in the Makgabeng Formation. Note the lateral change in
morphology of the desiccation features and the reduction in development to the left of the photograph. Scale is in
centimeters. C) Modern biological soil crust located at Grand Staircase Escalante National Monument, Utah, USA.
This biological soil crust shows faint, weakly developed desiccation features with microtopographic relief between

the desiccation features.



the desiccation features are less deep. Individual polygon surfaces are irregular in shape and
possess a bumpy, irregular surface between cracks. These cracks are not as sharp or distinctively
shaped compared to the cracked sandstone features. Due to the nature of the exposure and their
rarity, these features were not sampled for thin section analysis. No mat-like features were

apparent in 10x hand lens analysis.

5.5.2. Interpretation

In modern semi-arid and arid settings, BSCs are well developed and broadly defined as
complex symbioses of eubacteria, cyanobacteria, algae, lichens, bryophytes, and fungi that create
coherent crusts within the upper few centimeters of a soil profile (West, 1990; Belnap and
Gillette, 1998; Belnap et al., 2001). BSCs stabilize land surfaces through the binding action of
the microflora, which also increases the preservation potential of BSCs to enter the rock record
(Campbell, 1979; Belnap et al., 2001; Prave, 2002; Retallack, 2008; Malenda et al., 2012). Most
studies of BSCs or continental microbial mats commonly fail to identify preserved organic
matter in the BSC because of the porous nature of the sandstone (Prave, 2002; Simpson et al.,
2010) with the exception of Sheldon (2012). The preservation of the upper few centimeters of a
weakly developed soil profile could occur along erosional microtopographic highs. This was
likely the case for these BSCs that occur along highs on the stratal boundary between the lower
dune and playa facies. The early flooding stage of the playa was a rapid expansion phase
(Simpson et al., 2004; Simpson et al., 2012) that potentially eroded into the underlying dune
deposits, breaching the once more extensive and well-developed BSC surface.

Caution must be used so as not to confuse BSC morphology with physical sedimentary

structures, such as adhesion features, adhesion warts, and evaporitic crusts (Kocurek and Fielder,



1982; Olsen et al., 1989; Chakraborty and Chaudhuri, 1993; Simpson and Eriksson, 1993; Smoot
and Casten-Seidell, 1994). Descriptions of vertical cross-sections through vertically accreting
BSCs are rare (Simpson et al., 2010; Malenda et al., 2012). Based on the surface morphology of
modern biological soil crusts, the Makgabeng Formation features are best interpreted as
preserved biological soil crusts (Belnap and Gillette, 1998; Belnap et al., 2001). Malenda et al.
(2012) document similar morphological features from BSCs in Utah. The Utah BSCs display
diffuse desiccation cracks and bumpy surfaces on the polygons (Fig. 13C). In addition, Malenda
et al.’s (2012) features are characteristic of the destructive phase of biological soil crusts.
Malenda et al. (2012) illustrate some of the three-dimensional subsurface pedogenic features
associated with the Colorado plateau biological soil crusts in Utah. Poor sorting may be a useful
tool in supporting a biological soil crust origin. The sticky secretions (extrapolymeric substance
or EPS) of the cyanobacteria in biological soil crusts bind atmospheric dust (silt and clay size
material), allowing for unsorted sediment compositions as a potential indicator of the presence of
a BSC (Zaady and Offer, 2010; Simpson et al., 2010; Malenda et al., 2012). In an environment
where sediment is very well sorted by physical processes, unsorted material can provide
evidence for BSCs (Zaady and Offer, 2010; Simpson et al., 2010). The Makgabeng Formation
BSCs display poor sorting, consistent with this observation.

Flora and fauna in BSCs are limited in their ability to grow vertically to capture light
(Belnap et al., 2003). More efficient light gathering plants therefore limit the BSC distribution
(Belnap et al., 2003). Therefore, before the advent of land plants BSCs should have been
distributed more widely and would have been found in more diverse environments than in

modern times (Campbell, 1979; Prave, 2002; Retallack, 2008).



BSC microbial diversity and comparative abundances of microbial components can be
inferred from their physical morphologies (Belnap, 2001; 2003), including smooth, rugose,
pinnacled, and rolling versions (Johansen, 1993; Eldridge and Greene, 1994; Belnap et al.,
2001). For example, crusts dominated by cyanobacteria with little or no lichens and mosses form
smooth biological soil crusts, while a crust dominated by cyanobacteria and lichens produces a
pinnacled morphology (Belnap, 2001; 2003). The Makgabeng BSCs are closer in appearance to
the smooth morphology, and hence were probably composed of a community characterized by

cyanobacteria.

5.6. Gas-escape features
5.6.1. Description

Gas-escape features are best developed on a single bedding plane surface in fine-grained
sandstone near the base of an interdune deposit (Fig. 15). Sparse inferred gas-escape structures
are present along a sand cracked bed-top at the base of the playa deposit. The bedding plane
displays irregular topographic depressions and highs of less than 3 cm; the inferred gas-escape
features are crude circular to oval-shaped depressions (Fig. 15D). Concentric laminations
surround some of the depressions and are parallel in orientation with the edge of the depression
(Fig. 15C).

These features are distributed across the bedding surface either as single or tightly
clustered circular- to oval-shapes (Fig. 15D). At the center of some of the oval features are
elevated craters; some depressions have these oval laminations at their margins. Laminations are
parallel to some depressions and faint, parallel linear grooves crosscut the bed surface in the

interdune setting.



Figure 15 — Field photographs of gas-escape features preserved in an interdune deposit. A) Vertical photomosaic of
bedding plane surface in interdune deposits. B) Oblique-angle photograph of the bedding plane. C) Close up of gas-
escape structures with internal laminations exposed on the bedding plane. Scale is in cm. D) Concentric gas-escape

features. Scale in cm.

5.6.2. Interpretation

These bed-top features record internal deformation structures below a microbial matted
surface probably related to gas dome generation (Noftke et al., 1996; 2008). The mat layer was
eroded exposing shallow degassing structures associated with the decaying of microbial mats
(cf., Reineck at al., 1990; Dornbos et al., 2007). Based on the presence of faint linear grooves,

two dimensional ripple bedforms capping the bed were eroded with only the lowest portion of



the troughs preserved. A scour event reworked the bed-top exposing the underlying internal
structures beneath the mats.

Microbial-related gases are generated by both mat growth and mat decay processes (Stal,
1994). Noftke et al. (1996; 2008) analyzed interstitial gas and identified CH4, CO, CO;, H,, H,S
and other gases. Additional potential sources of gas include decomposition of organic matter, gas
diffusion, decreased diffusion caused by cohesive organic laminations, and compaction (Gerdes
et al., 2000). These gases can be vented to the surface and may be recorded as singular to
clustered oval features that represent the original position of the conduits. Low depressions with
concentric laminations reflect potential collapse of the underlying layers due to decay of the

microbial mats (Noftke, 2010).

——» Microbial mat structures identified in outcrop
+  Microbial mat structures identified in thin section

Figure 16 — Paleoenvironmental distribution of microbial mat features in the Makgabeng Formation.

6. Discussion
Recently the number of MISS features recognized from Precambrian continental settings

has increased in abundance (Callow et al., 2011; Sheldon, 2012). Here the catalogue of known



microbial mat-related sedimentary features is increased in one of the oldest paleo-desert deposits
globally (Fig. 16; the ~2.0 Ga Makgabeng Formation, Waterberg Group, South Africa).

The inferred BSCs, as deduced from modern examples in the literature, are compatible
with semi-arid to arid settings and reflect complex symbiotic organic communities that form
coherent crusts in the uppermost parts of soil profiles (West, 1990; Belnap and Gillette, 1998;
Belnap et al., 2001). BSC preservation on the stratal boundary in the Makgabeng Formation
suggest a destructive interpretation, due to rapid initial playa expansion that breached an
originally extensive BCS surface and eroded down into the underlying dune deposits (section
5.5).

The MISS and BSC features documented from the Makgabeng Formation together
indicate preponderance of mat destruction, but with mat growth and metabolism, biostabilization
also unequivocally supported. This expanded catalogue of proxies signals the presence of a
robust and thriving Paleoproterozoic continental microbial ecosystem, approximately 200 million
year after the Great Oxidation Event (GOE; cf., Holland, 2006). The recognition of these features
from diverse depositional settings (Fig. 16) in the Makgabeng Formation also implies that the
ability of microbes to survive desiccation and long distance wind transport into dryland
paleoenvironments had evolved by 2.0 Ga (as also postulated by Eriksson et al., 2000). Recent
geochemical proxies using complex organic molecules that have evolved to protect against
microorganism desiccation argue that terrestrial life probably gained a foothold in extreme
environments, such as playas or saline pans (see Finkelstein et al., 2010) and our observations
from the Makgabeng Formation are consistent with this hypothesis.

The GOE at ~2.3 Ga marks one of the most significant transitions in the history of the

Earth (Holland, 2002). Although a complex and multi-faceted subject, the accumulation of



atmospheric oxygen (i.e. the GOE) was strongly influenced by the switch from reducing to
oxidizing volcanic gases that preceded the transition (Kump et al., 2001; Holland, 2002; Eriksson
et al, 2013). The transition to an oxidizing atmosphere commonly has been linked to the
evolutionary development of cyanobacteria around this time frame (e.g., Ohmoto, 2004 and
references therein). Buick (2008) argues that photosynthetic oxygen started before of onset of the
GOE.

The recognition of Archean continental microbial life is based mainly on paleosol proxies
and lacustrine stromatolites. Paleosol evidence is commonly predicated on major element
distribution in the inferred soil profile, preserved organic filaments and analogy with modern
soils. Based on the mobility of phosphorus in the paleosol profile, Driese et al. (2011) argue for
the presence of a significant terrestrial microbial biomass at ~2.7 Ga that aided in the weathering
of the Saganaga Tonalite along an unconformity surface beneath the Ogishkemuncie
Congolmerate in Minnesota, USA. Prasad and Roscoe (1996) described a vertical change in
chemistry from a weathering profile dated at ca. 2.45 to 2.22 Ga, from lower and upper sub-
Huronian paleosols. Gutzmer and Beukes (1998) argue via analogy that ~2.0 to 2.2 Ga laterites
show that terrestrial life was present along with an oxygenated atmosphere. Carbon filaments
have been identified petrographically in auriferous conglomerates of the Neoarchean
Witwatersrand gold deposits that may have been wind transported across the placer surface
(Mossman et al., 2008).

Lacustrine stromatolites have been cited as the earliest proxy for terrestrial life (Buick
1980; 1992; Awramik and Buchheim, 2009). The assignment of a lacustrine setting is often
problematic because of the absence of facies that are solely indicative of such an environment.

This conundrum also relates to stromatolites in the Archean Fortescue Group (Australia) with



one group of workers arguing the facies reflect a marine setting (Packer, 1990; Thorne and
Trendall, 2001; Sakurai et al., 2005) whereas others interpret the same facies as lacustrine
(Kriewaldt and Ryan, 1967; Walter, 1993; Buick, 1992; Blake et al., 2004; Walter and Allwood,
2005; Bolhar and Van Kranendonk, 2007; Awramik and Buchheim, 2009). Stromatolites have
been recognized in distal shallow lacustrine systems of the Omdraaivlei Formation, Sodium
Group of the 2.7 Ga Ventersdorp Supergroup (Kaapvaal craton; Altermann and Lenhardt, 2012).

BSCs display specific textural features that permit their recognition in the rock record,
but a lower probability of preservation limits their usefulness. Only four examples of BSCs have
been reported from the rock record: (1) 1.2 Ga (Prave, 2002), (2) 1.1Ga (Sheldon, 2012), (3)
Cambrian (Retallack, 2008), and (4) Cretaceous (Simpson et al., 2010). The inferred BSCs in the
Makgabeng Formation predate the oldest recognized example by nearly 800 million years.

What also distinguishes the Makgabeng evidence for a robust ecosystem at ca. 2.0 Ga, is
that the microbial features apparently survived and indeed thrived within a paleo-desert setting,
subject to significant paleoclimatic changes. The occurrence of two inferred erg deposits
separated by an extensive playa deposit (Figs. 3A and 4 and Table 1; Bumby, 2000; Heness et
al., 2012), and the vertical increase in wet interdune deposits towards the lower erg-playa contact
support climatic variability and transition (Figs. 3B and 4; Eriksson et al., 2000; Heness et al.,
2012). The transition itself is abrupt and marked by the interpreted BSC features. While
interdune deposits in the upper erg are very thin (Fig. 3D), once again near the top of this
inferred paleo-dune succession, playa and ephemeral fluvial beds increase, reflecting enhanced
precipitation (Fig. 4; Bumby, 2000; Heness et al., 2012). Close to the upper contact of the
Makgabeng Formation with the succeeding fluvial Mogalakwena Formation, massive sandstones

related to catastrophic deluges become more prevalent, again supporting paleoclimatic changes,



in this case amelioration that signaled the end of upper erg development (Fig. 4; Bumby, 2000;

Simpson et al., 2004; Heness et al., 2012).

7. Summary

Three new biogenic features (biological soil crusts [BSC], tufted microbial mat, and gas
escape features) are added to the existing catalog of roll-up structures (and associated mat
chips), sand cracks, and wrinkled features within the ca. 2.0 Ga Makgabeng Formation of
South Africa.

The microbially related structures are observed within interdune deposits within the
lower erg, playa margin, and playa facies.

Interpretations of both MISS and BSC features support microbial mat growth,
metabolism and destruction, with the latter apparently having been more prevalent.

The inferred BSCs are approximately 800 Myr older than previously described in
literature.

Our data and interpretations imply that the microbes were able to survive desiccation and
transport in dryland environments, and that a thriving microbial community flourished
within a paleo-desert within about 200 Myr of the Great Oxidation Event.

MISS and BSC proxies thus allow paleoclimatic interpretations and enhance

paleoenvironmental models, in a way analogous to body fossils and ichnological features.
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