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ABSTRACT

Retallack GJ 2022. Early Ediacaran lichen from Death Valley, California, USA. Journal of Palaeosciences 71(2): 187–218.

Enigmatic tubestones from the basal Ediacaran Noonday Formation of southern California have been interpreted as fluid 
escape structures or as stromatolites in a “cap carbonate”, created by marine precipitation at the termination of Snowball Earth 
glaciation. However, doubts about this interpretation stem from permineralized organic structures within the tubes with hyphae and 
attached spheroidal cells, and thallus organization comparable with lichens. These “tubestones” are here named Ganarake scalaris 
gen. et sp. nov. The fungus was aseptate as in Mucoromycota and Glomeromycota, and the spheroidal photobiont has the size and 
isotopic composition of a chlorophyte alga. The tubes are most like modern window lichens (shallow subterranean lichens) and 
formed nabkhas (vegetation–stabilized dunes) of a loess plateau comparable in thickness and extent with the Chinese Loess Plateau 
of Gansu. Loess paleosols of three different kinds are recognized in the Noonday Formation from geochemical, petrographic, and 
granulometric data. The Noonday Formation was not a uniquely Neoproterozoic marine whiting event, but calcareous loess like 
the Peoria Loess of Illinois and Chinese Loess Plateau of Gansu.

Key–words—Lichen, Nabhka, Loess, Cap carbonate, Ediacaran, California.

INTRODUCTION

NEOPROTEROZOIC tillites overlain sharply by 
dolostone on many continents, such as the Noonday 

Formation over Kingston Peak Formation in Death Valley, 
California (Fig. 1), have long been recognized as “strange 
bedfellows”, an abrupt change from glacial tillites to tropical 
marine carbonates implying as much as 45ºC temperature 
rise (Hoffman, 2011). Hypotheses for formation of cap 
carbonates in the ocean include increased oceanic alkalinity 
from enhanced continental weathering, oceanic overturn, gas 
hydrate destabilization, a flood of meltwater on the ocean, 
sediment starvation, or enhanced microbial activity (Yu et 
al., 2020). Boron and calcium isotopic studies add difficulties, 
such as a depression then rise in world ocean pH of 1.1, which 
is more than an order of magnitude increase in hydronium 
ion activity (Kasemann et al., 2005, 2010; Ohnemueller 
et al., 2014). Strontium, zinc and magnesium isotopes and 
iodine/alkaline earth ratios also are evidence for continental 
weathering or meltwater enhanced to an unparalleled degree 
in “cap carbonates” (Kunzmann et al., 2013; Liu et al., 2014; 
He et al., 2020). These extremes are envisaged as termination 

of a global glaciation without subsequent analog, called 
Snowball Earth (Kirschvink, 1991; Hoffman et al., 1998). 
Neoproterozoic cap carbonates also contain distinctive 
carbonate shrubs attributed to marine microbes (Fraiser & 
Corsetti, 2003), and “tubestones” regarded as water escape 
(Cloud et al., 1974), gas escape (Kennedy et al., 2001; Bosak 
et al., 2010), or unusual stromatolite structures (Corsetti & 
Grotzinger, 2005).

Tubestones of the Neoproterozoic Noonday Formation 
and their biological significance are one topic of this study 
(Fig. 2), but so is an alternative non–marine interpretation of 
cap carbonates as terrestrial loess (Retallack, 2011, 2021), 
rather than whitings of global marine carbonate precipitation 
(Hoffman, 2011). Extreme pH changes of more than an order 
of magnitude hydronium activity in the world ocean are 
literally unbelievable, but normal for different soil horizons 
(Retallack & Burns, 2016; Lukens et al., 2018). Partly 
silicified tubestones of the Noonday Formation examined in 
petrographic thin sections, scanning electron microscope, and 
by palynological preparation now reveal a variety of complex 
permineralized organic structures in tubestones here assigned 
to a new genus and species of fungus, Ganarake scalaris. 
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Lichenized fungal features of Ganarake and a variety of 
petrographic and geochemical observations now challenge 
previous marine interpretations of the Noonday Formation.

GEOLOGICAL BACKGROUND

The Noonday Formation, 60–400 m thick (Williams 
et al., 1974), sharply overlies tillites of the Kingston Peak 
Formation in the Death Valley region (Fig. 1), and is 
conformably overlain by shale and carbonate of the Johnnie 

Formation (Fig. 3). It used to be called “Noonday Dolomite” 
(Williams et al., 1974), and that is the dominant mineral of 
the upland–platform facies, but the basinal Radcliff Member 
is heterolithic: only 20 m thick of red arkose in the platform 
facies, but 200 m of grey and red breccia, sandstone, shale, 
and dolostone within the basinal facies (Petterson et al., 2011, 
2013). Radcliff Member is a replacement term of Petterson et 
al. (2011) for “Ibex Formation” (Corsetti & Kaufman, 2003, 
2005), which fills 200 m of paleorelief to the south (Creveling 
et al., 2016). Below the Radcliff Member on the upland–

Fig. 1—Noonday Formation distribution and sample sites in Galena Canyon and Noonday Mine, showing intraformational 
erosional lowland–basinal and upland–platform facies (data from Wright et al., 1976).
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Fig. 2—Noonday Formation outcrops. (A) measured section near Noonday Mine; (B) upper part of formation with silicified 
tubestones in Galena Canyon; (C–E) tubestones; (C) upper part of tubestone unit truncated by bedded dolostone 
without tubestones; (D) polished slab with accordion like flanges and waists of a tube; (E) vertical tubes of Pahuntoi 
bed truncated by and overlying layers without tubes; (F) vertical view of tubestone; (G) horizontal view of tubestone.
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platform facies is the Sentinel Peak Member and above the 
Radcliff Member is the Mahogany Flats Member (Petterson 
et al., 2011), also with numerous beds of tubestones (Fig. 3).

Geological dating of the Noonday Formation is insecure 
because inferred from international correlation with other “cap 
carbonates”, representing sea level and chemostratigraphic 
anomalies, but with several alternative interpretations (Xiao 
& Narbonne, 2020). Kingston Peak Formation tillites and sea–

level low–stand have been correlated with the last Cryogenian 
glacial advance, often called Marinoan (Prave, 1999; Kennedy 
& Eyles, 2021), but should be called the Elatina Glaciation 
(Williams et al., 2008). The golden spike for the base of the 
Ediacaran Period has been driven into Nuccaleena Formation, 
a “cap carbonate” overlying tillites of the Elatina Formation in 
Enorama Creek, South Australia (Knoll et al., 2006). Another 
“cap carbonate” overlying tillite is the lower Doushantou 

Fig. 3—Measured section of the Noonday Formation near Noonday Mine, showing identified paleosols and their development, 
calcareousness, and Munsell color hue. Paleosols were named using words for pipe (Pahuntoi), fragment (Paka) and 
orange (Nataanga) in the Shoshoni Native American language (Shoshoni Language Project, 2019).
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Fig. 4—Petrography of Noonday Formation in thin section (A–C) and scanning electron microscope images in back scatter 
mode (D–F). (A) central fill of tubestone, dolomite after calcite spar; (B) quartz, feldspar and rock fragments in matrix 
of dolomitic silt; (C) needle fiber dolomite after calcite in cavity fill sparry dolomite; (D) central fill of dolomite spar 
(lower left), cavity lining dolomite, and dolomite–quartz–feldspar silt (upper right); (E) rounded dolomite rhomb; 
(F) bipyramidal skeletal dolomite after whewellite. Specimen numbers in the Condon Collection of the Museum of 
Natural and Cultural History, University of Oregon are F116110C (A, C–E), R5988 (B), and F116110A (F).

Formation, which includes volcanic tuff dated at 634.57 ± 0.88 
Ma U–Pb by ID–TIMS (isotope dilution thermal ionization 
mass spectrometry) on zircon (Zhou et al., 2019). Other 
dates by the same method are 635.2 ± 0.6 Ma in the basal 
carbonate of the Doushantou Formation, 632.5 ± 0.5 Ma 
for the upper carbonate, and 551.1 ± 07 Ma for uppermost 
shale and phosphorite of the Doushantou Formation (Condon 
et al., 2005). Between the two lowest dated horizons is a 
paleokarst recording low sea level, and the Doushantou 
Formation contains another paleokarst level higher in the 
section and below a tuff dated by the same method at 599.3 
± 4.2 Ma (Barfod et al., 2002; Gan et al., 2021). Each of the 
Doushantou paleokarsts correspond with transient low δ13C 
isotopic values of carbonate labelled EN1 and EN2 (Xiao & 
Narbonne, 2020). There are two different views on why the 
isotopic anomalies in “cap carbonates” might be correlative 
globally: (1), they are caused by global oceanic geochemical 
anomalies such as methane release (Kennedy et al., 2001); 
(2), they are due to paleokarst weathering, sometimes labelled 
“meteoric diagenesis” (Retallack et al., 2021a). Chinese “cap 
carbonates” and isotopic anomalies are dated by four available 
dates (Barfod et al., 2002; Condon et al., 2005; Zhou et al., 

2019; Gan et al., 2021) as 635.2 Ma for EN1 and either 602 or 
580 Ma for EN2 (Xiao & Narbonne, 2020). Comparable age of 
the Noonday Formation comes from U–Pb ID–TIMS date of 
< 651.7 ± 0.6 Ma within the Kingston Peak Formation, 110 m 
below the contact with the Noonday Formation (Nelson et al., 
2020), and paleomagnetic correlation and recognition of the 
ca. 565 Ma Shuram–Wonoka δ13C excursion in the Rainbow 
Member of the Johnnie Formation, 490 m above the base of 
the Noonday Formation (Minguez et al., 2015). Thus, the 
Noonday Formation is likely early Ediacaran (ca. 635 Ma) 
in age, as previously correlated (Corsetti & Kaufman, 2003).

Plate tectonic reconstructions show that southeastern 
California was equatorial during the Ediacaran, on the 
northern margin of an east–west oriented Laurentian Craton 
(Torsvik & Cocks 2013; Scotese, 2021). Paleolatitude of 
the Ediacaran Johnnie Formation has been estimated from 
paleomagnetism as 1º ± 4º, and the Cryogenian Kingston 
Peak Formation as 8º ± 4º (Evans & Raub, 2011). Detrital 
zircon and Nd isotopic data reveal derivation of Noonday 
Formation quartzofeldspathic components from Proterozoic 
granitic rocks with mean ages of 1400 and 1675 Ma (Lang 
Farmer & Ball, 1997; Mahon et al., 2014).
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Early diagenetic dolomitization of aragonite in the 
Noonday and other cap carbonates (Ahm et al., 2019) is 
supported by observations of needle fiber fabric (Fig. 4C–F), 
typical of fungal aragonite (Verrecchia & Verrecchia, 1994: 
Bajnóczi & Kovács–Kis, 2006). Weathering by meteoric water 
is a classic explanation for dolomitization (Mehmoud et al., 
2018), and dolomite is catalyzed by microbial extracellular 
polysaccharides galactose and rhamnose favored by high CO2 
in soils (Zhang et al., 2012; Keasrsey et al., 2012).

Folding created dips of 32º E on strike 264º near 
Noonday Mine (Fig. 2A), and 28º NW on strike 55º in Galena 

Canyon (Fig. 2B). There is no evidence of pervasive late 
diagenetic potash metasomatism (Novoselov & de Souza 
Filho, 2015) with only traces of potash in dolostones, and even 
sandstones of the Noonday Formation have only 1.22–1.31 
wt% K2O. A Weaver index of illite crystallinity (ratio of 
10/10.5Å peak in XRD trace) of 3.3 was determined for the 
Johnnie Formation near Noonday Mine (Retallack, 2020), 
and is compatible with burial by 3.4–4.4 km (Retallack, 
2013). Observed overburden above the Noonday Formation 
is at least 6 km (Corsetti & Kaufman, 2003), with perhaps 
an addition 1.5 km of eroded Permian to Jurassic, shown in 

Fig. 5—Petrographic and geochemical data on Noonday Formation beds near Noonday Mine, California. Data displayed 
includes Munsell hue, calcareousness determined by acid application (0.1M HCl), grain size and mineral composition 
determined by point counting petrographic sections, and molecular weathering ratios of major and trace elements 
determined by XRF analysis. Individual sampled levels are shown on Fig. 3.
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the cross section for the southern Nopah Range including the 
Donna Loy Mine (Wernicke et al., 1988). Burial compaction 
expected for 6.0–7.5 km burial can be calculated as 53–54 
%, using a formula (Sheldon & Retallack, 2001) with 0.51 
solidity, 0.49 initial porosity, and 0.27 fitting constant. Such 
compaction estimates are needed for paleoenvironmental 
interpretations and predict significant carbonate neomorphism 
and pressure solution (Bathurst, 1970; Wanless, 1979). 
Compaction was resisted in nodules and tubestones cemented 
by early diagenetic silica (Fraiser & Corsetti, 2003), as in other 
microfossiliferous Precambrian cherts (Knoll, 1985). The 
Noonday Formation was also locally affected by Mississippi 
Valley style lead–zinc mineralization from early Paleozoic 
migration of hydrothermal brines (Carlisle et al., 1954; Church 
et al., 2005). The Queen of Sheba Mine, 3 km southeast of 
the Galena Canyon outcrops examined for this study, is a 
replacement zone mainly of galena and chalcopyrite, 12 m 
thick and 123 m long, fed by faults and strata–concordant 
within a clearly defined sericitized and brecciated lower part 
of the Noonday Formation (Morton, 1965). The Noonday 
Mine is also below the measured section there, yet brecciation 
and mineralization were not observed within the measured 
section. Also in the region is polymetallic skarn mineralization 
associated with Cretaceous granitic intrusions (Newberry, 
1987; Newberry et al., 1991), also too localized to affect the 
sections examined here.

MATERIAL AND METHODS

Fieldwork

This study examined two localities in detail: (1), Galena 
Canyon in the Panamint Range (N 36.01988º W 116.9337º 
to N 36.020441º W 116.933569º), and (2), Noonday Mine 
in the southern Nopah Range (N 35.8219º W 116.09296º 
to N 35.822638º W 116.089111º). Geological sections were 
measured (Fig. 3), including detailed representative beds 
(Fig. 5). Samples from levels shown in Figs 3 and 5 are 
in the Condon Collection of the Museum of Natural and 
Cultural History of the University of Oregon. Field colors 
were determined by comparison with a Munsell Color Chart, 
and calcareousness by application of 0.1 molar HCl from 
an eye–drop bottle. Moderately calcareous (1–5% calcite) 
rocks form a white drop with audible bubbles, but weakly 
calcareous (dolomite, or < 1% calcite) rocks form very few 
bubbles (Retallack, 1997).

Distinctive, repeated bed types in the Noonday Formation 
were named Pahuntoi, Paka and Nataanga, using words for 
“pipe”, “fragment”, and “orange” in the Shoshoni Native 
American language (Shoshoni Language Project, 2019). 
Pahuntoi profiles are about 1 m thick, and consist of intervals 
of vertical tubestones petering out below, and abruptly 
overlain by bedded dolostone without tubestones (Fig. 2C, 
2E). The tubestones are not continuous through the formation 

but restricted within individual Pahuntoi levels (Fig. 3). Paka 
profiles are thin, red, dolostone breccias filling irregularly 
corroded cavities in underlying dolostone, and Nataanga 
profiles are cracked red sandstone with a lot of quartz and 
feldspar. One example of Pahuntoi and Nataanga profiles 
was selected for detailed petrographic and geochemical study, 
including point–counted proportions of sand, silt and clay, 
and of different mineral components, as well as rare earth 
element patterns and molar weathering ratios from major 
element analysis (Fig. 5). Paka profiles were not sampled 
because they were simple breccia fills of paleokarst without 
discernable internal horizonation. The most informative fossils 
described here from silicified Pahuntoi tubestones in Galena 
Canyon were from a stratigraphic level of 120 m, just below 
onlapping siltstones of Radcliff Member (Cloud et al., 1974).

Laboratory studies

Samples were collected for geochemical analyses: trace 
elements by lithium borate fusion inductively coupled plasma 
mass spectrometry and major elements by atomic absorption 
spectroscopy with British Columbia granodiorite as a standard 
(Fig. 4). Ferrous iron was determined by Pratt titration, also 
by ALS Chemex, of Vancouver Canada. Petrographic thin 
sections were point counted for mineral composition and grain 
size using a Swift automated stage and Hacker Counting box. 
Both composition and size counts were 500 points, which has 
accuracy of 2% for common components (Murphy, 1983). 
Petrographic and chemical data is in Tables 1–4. Long axes of 
1000 grains were measured for granulometric analysis using 
the Swift stage (Fig. 5), as in a comparable previous study 
(Retallack, 2011). Rare earth elements and yttrium (YREE) 
were normalized for Post–Archean Australian Shale (PAAS: 
Taylor & McLennan, 1985).

Three distinct techniques were used to prepare fossil 
specimens for microscopy. Standard thin sections were made 
of each kind of rock, and of especially promising silicified 
specimens. In another preparation, stock solution of HF 
was applied for 30 seconds, then rinsed off 25 times to etch 
the polished surface of a thin section billet, leaving organic 
remains in bas–relief for scanning electron microscopy in 
a QANTA environmental instrument in CAMCOR facility 
of the University of Oregon. Another method was standard 
palynological preparation by dissolution of the tubestones 
only, without matrix, in HF followed by 20 minutes of Schultz 
solution for mounting on slides for optical microscopy, and 
on stubs for scanning electron microscopy (Batten, 1999).

Nomenclature

The electronic version of this article in Portable 
Document Format (PDF) in a work with ISSN or ISBN 
represents a published work according to the International 
Code of Nomenclature for Algae, Fungi and Plants (Turland 
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Table 2—Trace element composition (ppm) from XRF of Ediacaran rocks from California.

Sample Ba Ce Cr Cs Dy Er Eu Ga Gd Hf Ho La Lu Nb Nd Pr
R5658 412 51.1 20 0.46 5.34 3.16 1.27 2.9 5.96 8.9 1.09 16.5 0.46 4.3 24.2 5.31
R5659 454 52.2 20 0.45 5.41 3.34 1.28 2.6 6.43 8.1 1.18 17.1 0.46 3.8 24.3 5.41
R5660 449 51.9 20 0.53 5.55 3.21 1.36 3.1 6.52 8.1 1.23 16.3 0.44 3.8 25.9 5.47
R5661 432 58.6 30 0.5 6.04 3.69 1.43 3 7.39 9.7 1.31 19.3 0.51 4.7 28.2 6.2
R5662 420 57.3 30 0.62 5.7 3.31 1.45 3.1 7.24 10.2 1.24 18.8 0.51 4.7 27.6 5.92
F110148 6.3 6 <10 0.03 0.53 0.29 0.07 0.2 0.52 0.3 0.11 2.1 0.04 0.4 2.3 0.54
F123803 153 22.3 10 0.31 1.7 1.16 0.33 1.6 1.67 5.7 0.33 9.4 0.15 5.5 10.5 2.5
R5982 1825 3.5 <10 0.4 0.5 0.27 0.09 1.3 0.47 0.2 0.08 1.7 0.05 0.4 1.9 0.45
R5983 97.5 2.1 <10 0.1 0.15 0.14 0.04 0.3 0.2 0.1 0.04 1 0.01 0.2 0.9 0.25
R5984 259 1.4 <10 0.1 0.14 0.06 0.03 0.3 0.22 <0.1 0.02 0.8 0.01 0.1 0.5 0.16
R5985 178 1.7 <10 0.05 0.17 0.05 0.05 0.4 0.13 <0.1 0.04 1 0.01 0.1 0.8 0.18
R5992 26.4 0.6 <10 0.02 0.03 0.02 0.01 0.3 0.08 <0.1 0.02 0.3 <0.01 0.1 0.3 0.06
R5993 30 0.7 <10 0.03 0.03 0.03 0.01 0.3 0.1 <0.1 0.01 0.4 <0.01 0.1 0.4 0.11
R5994 24.1 0.6 <10 0.04 0.03 0.06 0.01 0.2 0.03 <0.1 0.01 0.4 <0.01 0.1 0.3 0.08
R5995 15.1 0.5 <10 0.04 0.03 0.04 0.01 0.1 0.05 <0.1 0.007 0.3 <0.01 0.1 0.3 0.09
R5996 18.1 0.7 <10 0.04 0.03 0.04 0.01 0.1 0.03 0.1 0.01 0.4 0.01 0.1 0.3 0.1
R5997 23.9 1.9 <10 0.02 0.19 0.13 0.08 0.8 0.12 <0.1 0.01 1.1 0.03 0.3 0.8 0.2
R5998 42.8 1.3 <10 0.05 0.03 0.02 0.01 0.3 0.06 0.1 0.01 0.7 <0.01 0.2 0.6 0.12
error 3.5 0.8 10 0.05 0.05 0.03 0.02 0.1 0.05 0.1 0.01 0.4 0.01 0.1 0.3 0.07

Sample Rb Sm Sn Sr Ta Tb Th Tm U V W Y Yb Zr
R5658 31.7 6.51 <1 399 0.4 0.91 5.11 0.43 2.54 18 1 30.2 3.18 367
R5659 31.5 6.36 <1 434 0.4 1.04 4.98 0.44 2.59 20 1 30.9 3.09 349
R5660 33.2 7.14 <1 401 0.3 0.97 5.05 0.48 2.23 18 1 31.2 3.28 342
R5661 32.8 7.92 <1 547 0.5 1.1 6.75 0.45 2.96 21 1 34.3 3.27 388
R5662 31.8 7.15 <1 442 0.4 1.12 5.68 0.51 2.22 21 1 33.9 3.13 431
F110148 1.5 0.59 <1 126 <0.1 0.07 1.03 0.04 0.88 <5 <1 3.1 0.28 13
F123803 21.7 1.86 <1 70.6 0.3 0.29 6.43 0.15 4.2 29 2 8.9 0.99 220
R5982 7.9 0.38 1 218 <0.1 0.06 0.66 0.04 1.41 9 2 3 0.28 7
R5983 0.9 0.3 <1 168 <0.1 0.05 0.34 0.02 0.84 <5 2 1.4 0.15 5
R5984 0.5 0.18 <1 132 <0.1 0.02 0.13 <0.01 0.9 <5 3 0.9 0.04 2
R5985 0.4 0.18 <1 192.5 <0.1 0.03 0.19 0.01 0.87 8 3 1 0.08 2
R5992 0.4 0.06 <1 64.4 <0.1 0.007 0.08 <0.01 0.61 <5 1 0.3 0.03 3
R5993 0.4 0.08 <1 72.5 <0.1 0.01 0.12 0.01 0.66 <5 1 0.5 0.07 2
R5994 0.3 0.05 <1 64.8 <0.1 0.01 0.07 <0.01 0.64 <5 1 0.3 0.03 2
R5995 0.2 0.03 <1 61.3 <0.1 0.01 0.1 <0.01 0.66 <5 2 0.3 0.03 2
R5996 0.4 0.09 <1 66.1 <0.1 0.007 0.12 <0.01 0.65 <5 1 0.4 0.02 2
R5997 1 0.24 <1 59.7 <0.1 0.02 0.32 0.01 0.59 5 1 0.6 0.02 2
R5998 1 0.08 <1 97.3 <0.1 0.01 0.24 <0.01 1.04 5 1 0.5 0.04 3
error 0.2 0.06 1 3.5 0.1 0.01 0.09 0.01 1 5 1 0.3 0.03 2

Note: Samples are all R–numbers but fossils are F110148 and F123803 in the Condon Collection, University of Oregon.
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Table 3—Grain–size data from point counting thin sections (500 points) of Ediacaran rocks from California.

Pedotype Hoz No. % 
grav-

el

% 
sand

% silt % 
clay

Textural class Grain fabric Plasmic 
fabric

sandstone top R5658 0 26.8 53.6 19.6 silt loam intertextic silasepic
sandstone middle R5659 0 27.6 53.2 19.2 silt loam intertextic silasepic
sandstone middle R5660 0 27.8 53.4 18.8 silt loam intertextic silasepic
sandstone middle R5661 0 27.4 54.4 18.2 silt loam granular silasepic
sandstone bottom R5662 0 25.4 57.0 17.6 silt loam granular silasepic
Nataanga above R5981 0 24.2 50.8 25.0 silt loam intertextic silasepic
Nataanga A R5982 0 13.8 50.6 35.6 silty clay loam agglomeroplasmic insepic
Nataanga A R5983 0 27.4 42.6 30.0 clay loam agglomeroplasmic insepic
Nataanga C R5984 0 30.2 46.2 23.6 loam agglomeroplasmic insepic
Nataanga C R5985 0 34.0 55.6 10.4 silt loam intertextic calciasepic
Paka above R5986 37.4 14.0 38.6 10.0 silt loam granular calciasepic
Paka A R5987 4.8 34.4 41.2 19.6 loam agglomeroplasmic insepic
Paka Bw R5988 3.2 21.4 53.6 21.8 silt loam agglomeroplasmic insepic
Paka R R5989 32.4 22.2 38.0 7.4 silt loam agglomeroplasmic calciasepic
Paka R R5990 18.2 31.0 42.6 8.2 silt loam agglomeroplasmic calciasepic
Pahuntoi above R5991 2.6 35.0 43.4 19.0 loam agglomeroplasmic calciasepic
Pahuntoi A R5992 1.6 34.2 38.8 25.4 loam agglomeroplasmic insepic
Pahuntoi A R5993 2.2 36.8 38.6 22.4 loam agglomeroplasmic insepic
Pahuntoi Bw R5994 2.6 37.4 34.2 25.8 loam agglomeroplasmic calciasepic
Pahuntoi Bw R5995 1.4 42.8 36.4 20.4 loam agglomeroplasmic calciasepic
Pahuntoi Bw R5996 7.6 34.2 38.0 20.2 loam agglomeroplasmic calciasepic
Pahuntoi C R5997 0.2 23.8 62.2 13.8 silt loam agglomeroplasmic calciasepic
Pahuntoi C R5998 1.2 45.6 42.2 11.0 loam agglomeroplasmic calciasepic

et al., 2018), and hence the new names in this article are 
effectively published from the electronic edition alone. 
In addition, new names contained in this work have been 
submitted to MycoBank from where they will be made 
available to the Global Names Index. The unique Mycobank 
number can be resolved and the associated information 
viewed through any standard web browser by appending the 
Mycobank numbers to the prefix https://www.mycobank.org/
MB/. Ganarake scalaris new genus and species described 
here are registered as #843123 and #843137, respectively. All 
figured specimens are archived in the Condon Collection of 
the Museum of Natural and Cultural History of the University 
of Oregon: rock specimen numbers are prefixed R and fossil 
specimen numbers are prefixed F.

WAS NOONDAY FORMATION A MARINE 
WHITING OR TERRESTRIAL LOESS?

“Cap carbonates” like the Noonday Formation are known 
globally above Neoproterozoic tillites and envisaged as an 
abrupt alkalization of the world ocean following greenhouse 
termination and sea level rise after global glaciation of 
Snowball Earth (Hoffman & Schrag, 2002; Hoffman, 2011). 
Holocene marine limestones or dolostones are unknown above 
Pleistocene tills so this explanation is without clear modern 
analogs. Modern alkalization events are called whitings, and 
are clouds of acicular aragonite and calcareous plankton 
formed in lakes and oceans by plankton–induced changes 
toward markedly more alkaline pH (Thompson et al., 1997; 
Sondi & Juračić, 2010; Long et al., 2017).

An alternative explanation for carbonates above tillites 
advanced for the comparable earliest Ediacaran Nuccaleena 
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Formation of South Australia (Retallack, 2011), is that they 
are calcareous loess with paleosols like Quaternary Peoria 
Loess above Illinoian till (Bettis et al., 2003; Wang et al., 
2006), or the Quaternary Chinese Loess Plateau onlapping 
montane glacial moraines (Derbyshire, 2001; Sun, 2002; Sun 
et al., 2010). Paleosols in loess are most decisively recognized 
from fossil root traces (Retallack, 1991), but Ediacaran rocks 
are too old for vascular land plants (Retallack, 2015a, b), so 
other features must be used, such as within–bed petrographic 
and chemical composition, granulometry, crystal fans, 
carbonate shrubs, YREE content, stable isotopic covariation, 
and ravinement surfaces. The following paragraphs explore 
each of these paleosol criteria for the Noonday Formation 

as evidence for choosing between a marine whiting versus 
post–glacial loess–paleosol interpretation.

Within–bed petrographic and chemical composition

The Noonday Formation platform facies is mainly 
dolomite, including silt–sized subrounded grains (Fig. 4E), 
with rock fragments, feldspar and quartz (Fig. 4B). Dolomite 
has replaced sparry calcite in tubestone cores (Fig. 4A, 4D), 
spherulites of needle–fiber calcite (Fig. 4C), and skeletal 
bipyramidal acicular crystals after whewellite (Fig. 4F). An 
important discovery of this study is that the tubestones are not 
continuous for more than a meter vertically within individual 
beds (fig. 3): they go to the top of the bed where they may 

Fig. 6—Tau analysis of Noonday Formation beds with strain (A) and with depth (B). Zn was used as the stable constituent. 
These arrays are typical for weakly developed soils.
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Fig. 7—Granulometry of Noonday Formation (A–C), compared with early Ediacaran Nuccaleena Formation of South Australia 
(D–F). Separate plots are frequency (A, D), cumulative frequency (B, E) and semilog cumulative frequency (C, F), 
all from measuring long axes of 1000 grains in thin section (D–F from Retallack, 2011).

deviate from vertical, but remain vertical like a plumb–bob 
to near the base of the bed with clear bedding planes (Fig. 
5), even in outcrops with low–angle primary dips in Galena 
Canyon (Fig.2B).

Point counting of thin sections of individual beds shows 
clay enrichment toward the top of beds, usually at the expense 
of dolomite and rock fragments (Fig. 5). In addition to clay 
there also are significant amounts (8–50 volume percent) of 
silicate minerals, mainly quartz and feldspar. Carbonate is 
depleted toward the surface of the beds and this is reflected 
in molar ratios of CaO + MgO/Al2O3. One bed shows soda 
enrichment, but total cationic bases were depleted in both 
analyzed beds. Leaching is modest in the surface of one bed 
from Ba/Sr molar ratios, but other samples in both beds show 
only modest leaching. Chemical reduction (gleization) from 
FeO/Fe2O3 ratios is modest in all profiles, and two of the three 
profiles are red with hematite (Fig. 5).

A more sophisticated method to disentangle soil 
formation from sedimentation is tau analysis (Brimhall et 
al., 1992). Tau analysis isolates two separate aspects of 
weathering: mole fraction mass transport (τj,w) of a mobile 
element and mole fraction strain (εi,w) of an immobile 
element, using the following formula including bulk density 
(ρ in g.cm–3) and oxide assay (C in weight %) for successive 
samples (subscripts i,j) of weathered material (subscript w) 
and parent material (subscript p).

 	 – equation 1

 	 – equation 2

Soils and paleosols lose mass with weathering and so 
have negative strain (εi,w <0), and also lose nutrient cations 
and silica, so have negative mass transfer (τj,w <0). In contrast, 
sediment accumulation and diagenetic alteration adds 
elements and mass so has positive strain and mass transfer 
(Retallack et al., 2021b). Tau analysis has been widely used for 
Precambrian paleosols (Retallack & Mindszenty, 1994; Driese 
et al., 2011), as well as Cenozoic paleosols (Bestland et al., 
1996; Sheldon & Tabor, 2009), and modern soils (Chadwick 
et al., 1990; Hayes et al., 2019). In this case, Zn was used 
as a stable constituent, because Ti was beyond detection in 
some samples. Sample R5996 was used as parent for the 
Pahuntoi bed, and R5984 for the Nataanga bed. All samples 
are within the soil rather than sediment field, and the degree 
of soil development in the Nataanga bed is greater than for 
the Pahuntoi bed (Fig. 3). In both beds, depth and intensity 
of chemical weathering is shallow (Fig. 6), even compared 
with other Ediacaran paleosols (Retallack, 2011, 2013, 2021).
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Variable and sometimes high siliciclastic content are 
additional evidence against marine precipitation of these 
beds. Marine whitings are uniform micritic mud of aragonite 
laths, and commonly contain planktonic microfossils 
(Thompson et al., 1997; Sondi & Juračić 2010; Long et al., 
2017). Acanthomorphic acritarchs regarded as planktonic 
microfossils are common in Cryogenian and Ediacaran rocks 
(McFadden et al., 2009; MacDonald et al., 2010; Butterfield, 
2015), but were not seen in thin sections or palynological 
preparations made for this study of the Noonday Formation, 
as further evidence against its aquatic origin. Clay enrichment 
of bed tops does not appear to be part of graded beds such as 
turbidites deposited in a water column, for several reasons 
(Fig. 5): scarce clay, red colors, dominance of silt and sand, 
and lack of coordinated surface enrichment in alumina, lime 
and magnesia found in genuine turbidites (Komar, 1985; 
Korsch et al., 1993).

Observed petrographic and chemical trends are like those 
of paleosols, rather than marine beds, showing characteristic 
surface truncation and gradational alteration down from that 
surface. Modest surficial clay enrichment and carbonate 
depletion is compatible with hydrolytic weathering of 
silicate minerals and dissolution of carbonate as in soils and 

paleosols of calcareous loess with dustings of quartz and 
feldspar (Bettis et al., 2003; Retallack, 2011; Sun et al., 2010). 
Within soil classifications, the Pahuntoi loam would have 
been a Psamment (Soil Survey Staff, 2014), Regosol (Food 
& Agriculture Organization, 1974), and Calcareous Sand 
(Stace et al., 1968). Similarly, the Nataanga silty clay loam 
was an Ochrept (Soil Survey Staff, 2014), Cambisol (Food 
& Agriculture Organization, 1974), and Desert Loam (Stace 
et al., 1968), respectively, and the Paka loam was an Orthent 
(Soil Survey Staff, 2014), Lithosol (Food & Agriculture 
Organization, 1974), and Terra Rossa (Stace et al., 1968), 
respectively. These comparable modern soils are all well 
drained profiles that could not form in marine settings.

Granulometry

A surprise from point counting Noonday Formation beds 
was the high proportion of angular silt grains, between 34.2 
and 66.2 volume %. These beds were unusually silt–rich, and 
lacked fine lamination except at the bottom of the massive 
bed, or in overlying material. One bed had fragments of 
angular dolostone in red micritic matrix filling narrow and 
deep crevices within the underlying rock (Fig. 5). Long axes 

Fig. 8—Rare Earth Element and yttrium analyses. (A–B) named Noonday Formation beds, compared with marine limestone 
of the Johnnie Formation near Noonday Mine, and of Cambrian marine limestone and sandstone of the Wood Canyon 
Formation in Emigrant Pass east of Tecopa, California; (C–D) comparable analyses of the Nuccaleena Formation and 
associated marine beds in South Australia.
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Fig. 9—Stable isotopic covariation of Noonday Formation tubestones. (A) lack of correlation in marine–derived clasts of the 
Noonday Formation, compared with correlated pedogenic carbonate of Noonday Formation pedogenic carbonate 
(tubestones herein), Ediacaran paleosols of South Australia (Retallack, 2013, 2016, 2021), Cambrian Arumbera 
Formation at Ross River (Retallack & Broz, 2020), Ordovician paleosols of Pennsylvania (Retallack, 2015a), and 
Silurian paleosols of Pennsylvania (Retallack, 2015b); (B) soil nodules above Woodhouse lava flow, near Flagstaff, 
Arizona (Knauth et al., 2003) and in Yuanmou Basin, Yunnan, China (Huang et al., 2005); (C) soil crusts on basalt 
Sentinel Volcanic Field, Arizona (Knauth et al., 2003); (D) Quaternary marine limestone altered diagenetically by 
meteoric water, Key Largo, Florida (Lohmann, 1988) and Clino Island, Bahamas (Melim et al., 2004); (E) Holocene 
(open circles) and Ordovician (open squares) unweathered marine limestones (Veizer et al., 1999) and Early Cambrian 
(closed circles), Ajax Limestone, South Australia (Surge et al., 1997); (F) marine methane cold seep carbonate, 
Miocene, Santa Cruz Formation, Santa Cruz, California (Aiello et al., 2001) and Oligocene, Porter, Washington 
(Peckmann et al., 2002). Slope of linear regression (m) and coefficients of determination (r2) show that carbon and 
oxygen isotopic composition is significantly correlated in soils and paleosols, but not in other settings.
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of 1000 grains were measured from two of the thin sections 
and had a mean grain size of 4.9 Φ (44 µm), which is coarse 
silt, and moderately sorted (standard deviation ±0.9 Φ or ±37 
μm), similar to another early Ediacaran “cap carbonate” of 
the Nuccaleena Formation (Fig. 7).

This size distribution is unlike that of marine whitings 
which are mostly grains finer than 5 µm (7.6 Φ), which is 
fine silt (Thompson et al., 1997), although the coarse tail of 
whiting size–distributions can have grains 32–63 μm (5.0–4.0 
Φ) in a distribution much wider than observed in the Noonday 
Formation (Sondi & Juračić, 2010). Whitings also have 
acicular to lath–like crystals only and little quartz or feldspar 
(Sondi & Juračić, 2010), unlike the mostly equant crystals of 
Noonday Formation (Fig. 4B).

Silt–rich beds of the Noonday Formation may have been 
loess, deposited on land by wind. Much eolian silt may have 
fallen into the sea before landscapes were stabilized by plants, 
but the Noonday examples are grain supported (Fig. 4B), not 
embedded in clay and carbonate as observed in Cambrian 

marine siltstones (Dalrymple et al., 1985). Silt–rich beds of the 
Noonday Formation are similar in grain size, angularity, and 
texture (Fig. 5) to Quaternary Peoria Silt (5.5–4.5 ± 0.4–0.9 Φ, 
or 51–21 μm (Swineford & Frye, 1951; Pye & Sherwin, 1999), 
which has 31–42% limestone and dolomite clasts (Fisk, 1951; 
Grimley et al., 1998)). Chinese loess of the Central Loess 
Plateau is similar (modal grain sizes 5.0–6.6 Φ, or 32–10 
μm (Nugteren et al., 2004; Sun et al., 2004)). Both Chinese 
and Peoria loess with paleosols pass laterally into eolian 
sand paleodunes with coarser and less well sorted grain size 
(Bettis et al., 2003; Long et al., 2012), like those of Galena 
Canyon (Fig. 2B). Compositional differences in Pleistocene 
Peoria Loess reflect proximity to freshly deglaciated Paleozoic 
limestones and dolostones in Illinois and Wisconsin, but for 
the Noonday Formation the source of carbonate silt–size clasts 
would have been glaciated Mesoproterozoic Beck Spring and 
Crystal Spring marine dolostones with stromatolites (Wright 
et al., 1976; Corsetti & Kaufman, 2003). Other similar eolian 
loess deposits are the basal Ediacaran Nuccaleena Formation 

Fig. 10–Chinese Loess Plateau as a modern analog for Noonday Formation. (A) geographic setting (data from Sun, 2002); 
(B) paleosol sequence (data from Sun et al., 2010).
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of South Australia (Retallack, 2011), upper Moonlight Valley 
Tillite and lower Ranford Formation of Western Australia 
(Retallack, 2021), Arumbera Formation of central Australia 
(Retallack & Broz, 2020), Late Ediacaran Ediacara Member of 
South Australia (Retallack, 2013; McMahon et al., 2020), and 
Late Cambrian Mount Simon Sandstone of Illinois (Reesink 
et al., 2020).

Crystal fans, sheet cracks, and carbonate shrubs

Neoproterozoic “cap carbonates” are distinguished by 
a variety of structures that have been considered unique to 
them (Hoffman, 2011), and also observed in the Noonday 
Formation. Crystal fans are spherulites (Fig. 4C, 4F) or partial 
splays (Fig. 4D) of acicular carbonate crystals. Some of these 
spherulites are isolated, but they also form dark dendritic 
growths (Fig. 4C), which have been called “carbonate shrubs” 
(Fraiser & Corsetti, 2003). Sheet cracks are subhorizontal 
openings with cavity–lining sparry crystals (Fig. 4C–D).

The sheet cracks have been interpreted as “areas of 
pore–fluid overpressures in the presence of an alkalinity 
pump (anaerobic respiration?), possibly related to ice–sheet 
meltdown and resultant regional sea–level fall” (Hoffman, 
2011), and also as “doming, and brecciation of beds by 
buoyant deformation from methane gas or displacive growth 
of secondary hydrate” in a marine methane seep (Kennedy 
et al., 2001). Carbonate shrubs also have been attributed to 
microbial growth (Cloud et al., 1974), but are non–analog 
in the sense that microbially–induced carbonate shrubs do 
not form today under conditions of calcite supersaturation 
like that proposed for post Cryogenian oceans (Fraiser & 
Corsetti, 2003). Oligocene and Miocene submarine methane 
seeps lack bedding–parallel sheet cracks with sparry calcite 
fill, but do include large (0.5–2 m diameter) vertical pipes 
unlike Noonday tubestones (Aiello et al., 2001; Peckmann 
et al., 2002).

An alternative proposal for sheet cracks in Neoproterozoic 
cap carbonates of China is as small subhorizontal caves, 

Fig. 11–Ganarake scalaris gen et sp. nov. macromorphology. (A–B) specimens in matrix; (C–E) weathered out silicified 
specimens from Galena Canyon. Horizontal ridges in panels 3–4 are edges of invaginated cups. Specimen numbers 
in the Condon Collection of the Museum of Natural and Cultural History, University of Oregon are F116110A (A), 
F11662B (B), F116111A (C), F116111F (D) and F116111E (E). The color scales are in cm.
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including stalactites, of paleokarst exposure, which also 
fossilized terrestrial fungi (Gan et al., 2021). Fungal origin 
may also explain needle fiber spherulites and shrubs (Fig. 4C), 
because needle fiber calcite is formed by fungi in calcareous 
soils and karst (Verrecchia & Verrecchia 1994; Bajnóczi & 
Kovács–Kis, 2006). Distinctive acicular bipyramidal skeletal 
grains with quadrangular cross sections (Fig. 4F) are identical 
to oxalate crystals of weddellite (CaC2O4.2H2O), whewellite 
(CaC2O4.H2O), and glushinskite (MgC2O4.2H2O) produced 
by fungi, lichens, and plants (Wilson et al., 1980; Hartl et 
al., 2007; Sturm et al., 2015). Other non–marine indicators 
of other Ediacaran “cap carbonates” include thufur mounds, 
linear dunes and climbing–translatent stratification (Retallack, 
2011).

YREE 

Chemical Composition

Because each local area may have unique europium, 
cerium, or other anomalies, and different overall YREE 
(yttrium and rare earth element) concentrations, that are 
carried forward from source to sink (Bau, 1996), this study 
uses YREE arrays to distinguish marine and non–marine 
rocks by comparing samples of similar provenance from 
California (Fig. 8A–B) and South Australia (Fig. 8C–D). 
Soils and granites are enriched in light YREE (LYREE), with 
atomic numbers 57–62, rather than heavy YREE (HYREE), 
with atomic numbers 63–71, so that the ratio of light to heavy 
is 3–22 (Minařı́k et al., 1998; Aubert et al., 2001). In fluvial 
systems these arrays with negative slope are homogenized 
to flatter arrays closer to the ratio of 3 (Munemoto et al., 
2020). In deep marine clays, the YREE array has a positive 
slope, and LYREE/HYREE less than 3 (Yasukawa et al., 
2015). Hydrothermal alteration of black smokers on the 
deep–sea floor creates anomalous concentrations of europium 
(Hongo & Nozaki, 2001). Similar YREE arrays have been 
found in Archean (3 Ga) rocks despite metamorphism high 
in the greenschist facies and near total cementation and 
replacement by silica, which substantially reduced overall 
YREE concentrations (Bolhar & van Kranendonk, 2007; 
Sugahara et al., 2010).

For California, three analyzed marine beds all had 
LYREE/HYREE less than 3: a Cambrian sandstone bed with 
Bergaueria trace fossils in the Wood Canyon Formation, 
limestone from the Early Cambrian Carrara Formation, and 
limestone from the Ediacaran Deep Springs Formation (Fig. 
8A–B). The five Cambrian sandstone analyses are identical for 
a bed only 20 cm thick, but the Pahuntoi and Nataanga beds 
show big differences in arrays spaced only a few centimeters 
apart (Figs 5, 8A–B). LYREE/HYREE ratios are non–marine 
(> 3) for the Pahuntoi bed, and marine–influenced (< 3) for 
the Nataanga bed. Similar ratios and within bed differentiation 
are also seen in previously studied paleosols (Retallack, 2011) 

from the earliest Ediacaran Nuccaleena Formation of South 
Australia (Fig. 8C–D). PAAS–normalized YREE from the 
Ediacaran Sete Lagoas cap carbonate of Brazil (Caxito et 
al., 2018) and the Doushantou Formation of China (Huang 
et al., 2009) are different, showing unusual peaked arrays 
with heaviest and lightest YREE both depleted, perhaps 
due to meteoric weathering alternating with deposition of 
marine carbonate (Gan et al., 2021). There is no evidence of 
hydrothermal or volcanic alteration of any of the analyzed 
beds from europium or other anomalies (Sugahara et al., 
2010). The Nataanga bed is from the upslope fill of a 
ravinement surface with 200 m of relief within the Noonday 
Formation Radcliff Member basinal facies (Creveling et al., 
2016), and may have been influenced by marine transgression 
(Creveling & Mitrovica, 2014). The Pahuntoi bed of the 
platform facies however was entirely non–marine.

Stable isotopic covariation

Dolomitic tubestones of the Noonday Formation with 
acicular crystals in spherulites and carbonate shrubs (Fig. 4C) 
analyzed for stable isotopic composition (Corsetti & Kaufman, 
2003) show strong covariance of δ13C and δ18O (Fig. 9A). 
However, dolomitic silt of the Noonday Formation (symbol 
+ in Fig. 9A) in the same area shows no such correlation.

Cross–plots of δ13C and δ18O in marine carbonate have 
long been used to screen for diagenetic alteration, including soil 
formation and karst weathering (Retallack, 2016). Unaltered 
marine limestones and sea–shells (Fig. 9E) show no hint of 
correlation (Surge et al., 1997; Veizer et al., 1999), and this 

Fig. 12–Ganarake scalaris diameter distribution of 500 
specimens in Galena Canyon. The blue histogram is 
raw data, and the normal curve in red was computed 
from the same mean and standard deviation.
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Fig. 13−Ganarake scalaris gen et sp. nov. petrographic observations. (A–B) sparry dolomite fill of tubestone and flanking 
carbonate shrubs; (C) carbonate shrub flank of tubestone; (D) detail of needle fiber calcite of carbonate shrub; (E–I) 
carbonaceous thalli; (J) fused hyphae (at arrows) forming ladder structure. Specimen numbers in the Condon Collection 
of the Museum of Natural and Cultural History, University of Oregon are F116110A (A, E–J), F116110C (B–D).

is true for bulk Noonday Formation derived from erosion of 
older Proterozoic dolostones (Fig. 9A). The most profoundly 
altered carbonate is pedogenic and fungal carbonate, which is 

an early diagenetic precipitation between deposition and burial 
of alluvial sediment (Retallack, 1991, 2005). Significant (P > 
0.05) covariance is clear in Holocene soils (Fig. 9B) in China 
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(Huang et al., 2005) and Arizona (Knauth et al., 2003), and 
in the Pahuntoi bed and other Cambrian and Neoproterozoic 
paleosols (Loyd et al., 2012; Retallack et al., 2014, 2021a; 
Retallack, 2021). Less significant correlations (Fig. 9C–D) 
are formed in soil carbonate crusts (Knauth et al., 2003), and 
marine limestone altered by deep circulation of meteoric water 
(Lohmann, 1988; Melim et al., 2004). Lake carbonates with 
covariant stable isotopes may also be a case of soil alteration, 
because covariance is only found in seasonally dry lakes, not 
perennial open system lakes (Talbot, 1990). Near constant 
δ18O but highly varied δ13C (Fig. 9F) is formed by microbial 
methanogenesis in carbonate of marine methane seeps 
(Aiello et al., 2001; Peckmann et al., 2002), and siderite of 
wetland paleosols (Ludvigson et al., 1998, 2013). From this 
perspective, tubestones of the Pahuntoi bed of the Noonday 
Formation have isotopic covariance like pedogenic carbonate, 
but other dolomite in the Noonday Formation is uncorrelated 
like marine dolostones from which it was physically eroded.

Strong correlation of δ13C and δ18O in pedogenic 
carbonate is caused by selection for light isotopologues of CO2 
during photosynthesis on land (Farquhar & Cernusak, 2012; 
Broz et al., 2021), unlike ocean or lakes with oxygen of water 
vastly in excess of carbon (Retallack, 2016). Correlation is 
related to stomatal conductance and fractionation by enzymes 
such as rubisco (Retallack, 2016), and carbonic anhydrase 
(Chen et al., 2018), because δ13C and δ18O covariance is seen 
in respired soil CO2 (Ehleringer & Cook, 1998; Ehleringer 
et al., 2000), and in plant cellulose (Barbour & Farquhar, 
2000: Barbour et al., 2002). These Cambrian and Ediacaran 
paleosols predate the evolution of stomates (Retallack, 2022), 
so enzymatic control is more likely responsible for observed 
covariance in stable isotopes of pedogenic carbonate older 
than Ordovician (Fig. 9A). The covariance is not affected by 
metamorphism to greenschist facies in paleosols of the Juniata 
and Bloomsburg formations (Fig. 9A: Retallack, 2015a, b), so 
is unlikely to have been altered for the Noonday Formation.

Ravinement surfaces

A notable feature of the Noonday Formation is the 
Radcliff Member (Petterson et al., 2011), an intraformational 
ravinement surface with relief of 200 m and a very distinct 
heterogenous fill of red, white and black breccia, sandstone, 
and shale (Creveling et al., 2016). This heterogeneous fill 
of the Radcliff Member basinal facies (formerly known as 
“Ibex Formation” of Corsetti & Kaufman, 2003) contrasts 
with uniform dolomitic tubestones of the Sentinel Peak and 
Mahogany Flats Members (Creveling et al., 2016). The 
boundary between the two facies, includes narrow canyon–
like features (Fig. 1). This was a large erosional feature, but 
was it a continental shelf with submarine canyons, or an 
upland with valleys above a lowland, like the modern Chinese 
Loess Plateau (Fig.10)?

Upper submarine fan and canyon facies are generally 
coarse–grained breccias, conglomerates and cross bedded 
sandstones passing outwards and distally into turbidites 
(Howell & Link, 1979; Morris & Busby–Spera, 1990), 
different from the largely silty Noonday Formation basinal 
facies, which lacks shaley tails to rare graded–beds (Creveling 
et al., 2016). Submarine canyons also tend to be orthogonal to 
the coast (Twitchell & Roberts, 1982; Normark et al., 2009; 
Jobe et al., 2011), and not at a marked angle to the slope as 
in Noonday Formation paleovalleys (Fig. 1).

Red paleokarst filled with dolostone breccia (Paka 
beds) is evidence that the Sentinel Peak and Mahogany Flats 
Members were uplands rather than a submerged carbonate 
platform or ramp (Creveling et al., 2016). Further evidence 
for this view includes the within–bed chemical differentiation, 
granulometry, crystal fans, sheeted cracks, carbonate shrubs, 
and stable isotopic correlation outlined in previous paragraphs, 
and comparison with Quaternary loess. Well known loess units 
such as the Peoria Loess of North America are generally less 
than 20 m thick and contain few paleosols (Bettis et al., 2003; 
Wang et al., 2006; Retallack, 2011), but the 252 m thick and 
geographically extensive Noonday Formation with numerous 
paleosols (Fig. 3) is more like the Chinese Loess Plateau (Fig. 
10). By this modern analogy, the Noonday Formation platform 
facies can be considered comparable with upland Gansu, 
and the basinal facies (Fig. 1) comparable with lowland 
Hunan, Hubei and Henan (Sun, 2002). Calcareous loess of 
China is about 180 m thick with 35 successive Pleistocene 
paleosols (Sun et al., 2010). Ravinement surfaces like that 
of the Radcliff Member are also found within Chinese loess 
(Liu & Chang, 1962). Large scale cross bedding in Galena 
Canyon outcrops (Cloud et al., 1974) is similar to paleodunes 
in Chinese loess (Sun et al., 2010).

Alternatively, the Noonday Formation has been 
interpreted as a marine carbonate platform with submarine 
canyons and dissecting the platform edge (Creveling et al., 
2016), but that interpretation is not supported by petrographic, 
geochemical, granulometric, and crystallographic observations 
of the previous paragraphs. Carbonate shrubs in the Noonday 
Formation have been attributed to encrusting and interstitial 
marine microbial films (Fraiser & Corsetti, 2003), but careful 
examination of these features presented in the following 
paragraphs reveals much greater size and complexity than 
known in microbial films (Guido et al., 2016; Heim et al., 
2017; Scopelliti & Russo, 2021). Neither field, petrographic, 
geochemical, nor fossil evidence support interpretation of the 
Noonday Formation as marine.

EDIACARAN FOSSIL LICHEN

Tubestones of the Noonday Formation have been 
regarded as fluid escape structures (Cloud et al., 1974; 
Kennedy et al., 2001; Bosak et al., 2010) or as unusual 
inverted stromatolites (Corsetti & Grotzinger, 2005), but 
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Fig. 14−Ganarake scalaris gen et sp. nov. from macerated palynological preparation. (A–C, E, H) thalli with oval to spheroidal 
photobionts; (D) septate stolon with fans of thallus; (F–G) hyphae and attached spheroidal photobionts of algal layer 
(Y hyphal junctions at arrows); (I) rhizines; (J–K) septate hyphae (septae at arrows); (L) partial sporangium; (M–N) 
spore masses. England finder coordinates on slide F11611 are: (A) R39/3; (B) W21/2; (C) D43/4; (D) R44/3; (E) 
D16/1; (F) S46/3; (G) V26/1; (H) Q44/2; (I) O12/3; (J) T38/4; (K) J16/4; (L) U37/2; (M) S11/4; (N) G11/3.
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a variety of histological details are evidence for a third 
hypothesis that they were lichens. Noonday Formation as non–
marine loess is compatible with the idea that the tubestones 
were lichenized fungi in growth position, because lichens 
are mostly terrestrial, with few taxa tolerant of constant 
immersion (Hawksworth, 2000). Ganarake scalaris gen et 
sp nov. is not quite tubular, but a stack of cup–shaped bodies 
(Fig. 11C–E), vertical to bedding (Fig. 11A), with a central 
crystalline core (Fig. 11B). They are 25.7 ± 4.3 (17.7–32.0) 
mm in diameter (Fig. 12) and can be as long as the 1 m 
thickness of Pahuntoi beds (Fig. 3). They are vertical like 
plumb–bobs, even in low angle cross beds (Hoffman, 2011). 
In thin section the cups contain delicate, fractally branching 
organic structures (Fig. 13E–H), often copiously overgrown 
with needle fiber calcite (Fig. 13C), radiating from an open 
cavity with isopachous dolomite cement (Fig. 13A–C). These 
mineral overgrowths are evidence that the organic branching 
structures were indigenous to the rocks, and overgrown during 
soil formation. Additional evidence that the fossils grew in 
Pahuntoi paleosols is the highly correlated δ13C and δ18O of 
these carbonate overgrowths (Fig. 9). Contamination of the 
palynological macerates (Figs 14, 15) by other fossils from 
tubestone matrix is possible, but unlikely because the limited 
array of structures revealed by maceration of a single silicified 
tubestone was also seen in place within thin sections (Fig. 13). 
Contamination by modern fungi and microbes also is possible, 
but ruled out by the dark color of all the fossils due to burial 
diagenesis (brown and black series of Yule et al., 2000).

Fungal histology

Fungal affinities are apparent from a variety of 
microscopic observations, as also noted for Ediacaran fungi 
described by Gan et al. (2021). Macerated organic remains of 
Ganarake have a stratified thallus with four distinct layers: (1) 
upper cortex rectangular to cubic cells (Fig. 14D, 15A, 15I), 
(2) layer with spheroidal cells punctured by and enveloped 
by slender hyphae (Fig. 15E–I), (3) medulla of loose hyphae 
(Fig. 15I), and (4) lower cortex a few cells thick, elaborated 
at intervals into multicellular rhizines extending downward 
from the base (Fig. 15I). This thallus complexity rules out 
lichenized Actinobacteria (Kalakoutskii et al., 1990). Other 
fungal features of Ganarake are aseptate hyphae, showing 
Y and H branching (Fig. 14G), and hyphal fusion into 
ladder–like forms (Fig. 13.J). Also found were short lengths 
of septate hyphae (Fig. 14J–K), instances of bulging cells 
between hyphal septae (Fig. 15K), and aggregation of small 
spheroidal cells (Fig. 14L–N). The septate hyphae were also 
observed at the base of foliose thalli (Fig. 14D), and may 
have formed initials around the central cavity. Bulging cells 
between hyphae (Fig. 15K) may have been serial zygospores, 
but appear deformed as if artefacts of twisting. The isolated 
septate hyphae and bulging cells are attributed to Ganarake, 
because found in palynological preparation of a single 

Ganarake specimen, though they could be fragments of other 
fossils accidently included. Large spheroidal cells within a 
matrix of slender hyphae, and both punctured by and encircled 
by hyphae (Figs 13A–D, 14F–H,), are likely coccoidal 
photobionts. Of different origin are dense aggregations of 
small spheroidal cells (Fig. 14L–N) interpreted as spores 
within a spherical sporangium, which judging from preserved 
peridial curvature was 350 μm in diameter. A plausible 
explanation for the central hollow of Ganarake is that it was 
filled with truffle–like masses of sporangia, not preserved 
due to decay or germination. The central hollow is filled 
with sparry dolomite, in part after oxalate also apparent from 
crystal form. Bipyramidal skeletal acicular needles like those 
of fungal oxalate are commonly encountered within the thallus 
(Fig. 15B–E).

Spherical cells punctured and encircled by hyphae (Figs 
14F–G, 15D–J) are interpreted as lichen photobionts. The 
biological nature of the photobiont is not well constrained 
by δ13C isotopic composition of organic matter in Noonday 
tubestones, which is–21.27 ± 2.54 ‰ (n=8 from (Corsetti & 
Kauffman, 2003), like both cyanobacteria (–8 to–35 ‰ δ13C) 
and algae (–3 to–28 ‰ δ13C (Schidlowski, 2001)). The size 
of spheroidal photobionts is 10 to 29 μm, larger than usual for 
cyanobacteria, and more like eukaryotic algae (Schopf, 1991). 
Algal photobionts within lichen associations are commonly 
only 10 μm in diameter when freshly released from the lichen, 
but grow to 25 μm soon after (Ahmadjian, 1967; Henley et 
al., 2004).

Ganarake is the oldest known ectosymbiotic lichenized 
fungus, but was neither basidiomycotan or ascomycotan like 
modern lichens (Lücking & Nelsen, 2018), though preceded 
by 2.2 Ga Diskagma, which has been compared with the living 
glomeromycotan, endocyanotic Geosiphon (Retallack et al., 
2013). Other Proterozoic Glomeromycota are represented 
by vesicles of Tappania as old as 1.5 Ga (Retallack, 2015c). 
Other Ediacaran mucoromycotan or glomeromycotan fungi 
associated with spherical cells are from geologically younger 
stratigraphic levels than Ganarake (Gan et al., 2021; Yuan et 
al., 2005). Although mucoromycotan affinities are plausible, 
there is no living fungus exactly like Ganarake.

Window lichen nabkhas

Ganarake was ecologically similar to Fensterflechten 
(“window lichens”), first recognized in Namibia (Vogel, 
1955) for Eremastrella crystallinum. Window lichens are 
squamulose ascomycotan lichens at the surface of the soil 
with a thick upper cortex cracked into translucent, crystal–like 
structures which allow light to penetrate to the algal layer 
deeper in the soil where it is protected from desiccation but 
prone to sediment cover (Fig. 16). Window lichens have 
multihyphal rhizines up to 1 mm diameter, penetrating 5 mm 
down into the soil. Window lichens are now known from 
Chile (Follmann, 1965), China (Yang & Wei, 2008), and Crete 
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Fig. 15−Ganarake scalaris gen et sp. nov. scanning electron microscope images of acid etched slab (A–H) and macerated 
organic matter (I–K). (A) thallus with spheroidal photobionts; (B) skeletal dipyramidal acicular crystals of calcite 
after oxalate and etched spheroidal cells; (C–H) spheroidal cells with attached hyphae; (I) cross section of thallus 
with upper cortex above photobiont layer and lower cortex extending down into multicellular rhizoids; (J) indented 
spheroidal photobionts with attached and anastomosing hyphae; (K) hypha with possible zygospores or twist damage. 
Arrows indicate haustorial attachments of hyphae.
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By the loess model proposed here, a better comparison 
is with nabkhas, a widely used term for dunes that form 
around clumps of plants, also called coppice dunes, redbou, 
phytogenic hillocks, and bush mounds (Nickling & Wolfe, 
1994). Well documented examples are nabkhas around salt 
tree (Nitraria retusa) in Kuwait (Khalaf & Al–Awadi, 2012), 
mesquite (Prosopis juliflora) in New Mexico (Langford, 
2000; Parsons et al., 2003), and anu (Leptadenia hastata) 
in Mali (Nickling & Wolfe, 1994). These vertically growing 
woody shrubs and vines act as a baffle for sediment that 
piles into dunes 1–2 m high and 5–10 m long. This scale is 
comparable with the tubestones of Galena Canyon, and allows 
reinterpretation of the “giant stromatolite” of Cloud et al. 
(1974) as a lichen nabkha. No large domed structures were 
seen around tubestones in the exposures around Noonday 
Mine, but the tubestones do seem to have kept pace with 
eolian accumulation. Nevertheless, a lichen like Ganarake 
had much less biomass and no above–ground leaves compared 
with modern examples of nabkha dunes, and was more like 
window lichens.

Ganarake scalaris is envisioned as a window lichen 
growing upward with sediment accretion like a nabkha and 
lichen stromatolite (Fig. 17). On the soil surface it was a 
radial array of foliose, dichotomously branching thalli around 
a central cavity of reproductive truffles and oxalate crystals. 
These thalli included an upper and lower cortex with an 
intervening algal layer, and had basal rhizines. The whole 
structure was encrusted with needle fiber calcite and oxalate 
crystals which anchored it within the loose silt matrix. The 
radiating ring of thalli was buried by accretion of an eolian 
lamina, but then formed another ring on the newly deposited 
surface. Orientation to light explains the plumb–bob attitude 
of tubes within aggrading Pahuntoi paleosols, but some lateral 
migration was observed near the top of the bed, perhaps due 
to slowed rate of sediment accumulation.

SYSTEMATIC PALEONTOLOGY

FUNGI Moore, 1980

MUCOROMYCOTA? Doweld, 2001

FAMILY INCERTAE SEDIS

Ganarake gen. nov.

https://www.mycobank.org/MB/843123

(Figs 11–15)

Type species—Ganarake scalaris sp. nov.

Diagnosis—Successive, stacked, shallow, bowl–shaped, 
hypogeous thalli, formed from pinnately and dichotomously 

Fig. 16−Modern window lichen (“Fensterflechte”) Endocarpon 
crystallinum (Verrucariaceae, Ascomycota), from 
Istro, Crete. Fine crystalline pruina is present, but the 
large grey structures are semitransparent cortex rather 
than crystals. (A) view down onto ground; (B) older 
squamule; (C) young squamule; (D) squamule and 
thallus with substrate removed, showing attachment 
rhizines. Scale bars are 1 and 2 mm. This lichen 
is unrelated to the fossil, but has an external form 
comparable with that envisaged for Ganarake. 
Reproduced from Timdal (2017) with permission of 
Einar Timdal and Volker Otte.

(Timdal, 2017). Their transparent upper cortical cracks give 
the appearance of crystals, but Ganarake had actual crystals, 
later dolomitized, which may have focused light onto the 
algal layer in a thallus that was prone to cover by aggrading 
sediment. Comparison of the growth form of Ganarake with 
Eremastrella does not extend to taxonomic identification. 
There are no ascomycotan features visible in Ganarake, 
which is an unrelated problematic fossil more likely related 
to Mucoromycota or Glomeromycota.

The domed structure of the Galena Canyon tubestone 
outcrop (Fig. 2B) was first noted by Cloud et al. (1974) and 
interpreted as a giant stromatolite. On originally dipping 
flanks of the structure tubestones remain perpendicular like 
plumb–bobs, and interpreted as vertical growth of geoplumb 
stromatolites within the larger dome (Hoffman, 2011). 



	 RETALLACK—EARLY EDIACARAN LICHEN FROM DEATH VALLEY, CALIFORNIA, USA	 211

branching foliose thalli radiating in all directions about 10 
mm from around a central hollow 5 mm in diameter; foliose 
thalli with upper and lower cortex, central symbiont zone, 
lower medulla, and basal multicellular rhizines; hyphae mostly 
aseptate, with wider septate hyphae around the central hollow 
giving rise to foliose thalli; photobiont spherical to ovoid, 
indented by appressoria and haustoria of aseptate hyphae; 
sporocarps spherical with thousands of small spherical to 
ovoid spores and a thin peridium.

Etymology—This genus is named in honor of Tian Gan, 
discover of comparable Ediacaran fungi (Gan et al., 2021), 
combined with Greek arake (f.) for bowl.

Description—Tubestone is a misnomer for these fossils 
because they are a series of shallow, irregular cups stacked 
one on top of another and about 20 mm in diameter (Figs 
11–12). This is one reason why they were not regarded as 
fluid escape structures, nor metazoan burrows, root traces, 
solution pipes, columnar stromatolites, or spaces between 
stromatolites (Cloud et al., 1974). The cups branch from a 
wide central hollow, perhaps originally empty, but now filled 
with sparry dolomite (Fig. 13A–C). The cup shaped flanges 
are formed by radially arranged foliose thalli branching 
both pinnately and dichotomously from septate hyphae and 
expanding outward to define the shallow cups (Figs 13E–I; 
14A–D, 14H). The organic thalli are extensively overgrown 
with oxalate and carbonate crystals (Fig. 13A–D), and their 
remnants appear like ropes in thin section (Fig. 13E–I), but 
the thalli are flattened foliose structures in macerates (Fig. 
14A–H), and in scanning electron micrographs (Fig. 15A). 
The foliose cortical layer consists of rectangular to cubic 
cells (Figs 14D, 15A, 15I). Below the upper cortical layer 
is a layer of spheroidal cells, punctured by and enveloped 
by slender hyphae (Fig. 15I). Spheroids concentrated within 
a particular layer are seen in a surface with upper cortex 
removed (Fig. 15A). Below the layer with spheroids attached 
by haustorial hyphae (Fig. 15E–H) is a zone of loose hyphae 
and with fewer spheroids regarded as a medulla (Fig. 15I). 
Below that again is a lower cortex a few cells thick, elaborated 
at intervals into multicellular rhizines extending downward 
from the base (Fig. 15I). Many thalli are not well preserved, 
but degraded and narrowed by overgrowth of needle fiber 
calcite (Figs 13D, 15B–E). Small spheroids in clusters (Fig. 
14L–M) are interpreted as spores, and the dark tissue on 
the outer margin of one cluster (Fig. 14M) is regarded as a 
peridium of a sporocarp.

Comparisons—Only a single species of Ganarake 
is known, but other Ediacaran fossils may prove to be 
related species. Noonday Formation tubestones have been 
compared with stromatolites, acknowledging that they differ 
fundamentally as concave–up laminae (Corsetti & Grotzinger, 
2005). The various fractally branching structures of the 
Noonday Formation have also been compared with “marine 
carbonate shrubs”, such as Frutexites (Fraiser & Corsetti, 
2003), but have a more complex structure of internally 

Fig. 17−Reconstructed early Ediacaran landscape, paleosols, 
and fossils of Death Valley, California. Cutaway 
enlargement of Ganarake shows vertical section 
of cups around central tube below and surface 
expression above, with photobiont and oxalate details 
in upper enlargement.

differentiated multicellular thalli then Frutexites (Figs 13–15). 
Genuine Frutexites has the appearance of pyrolusite dendrites 
of fractally arranged small crystals, induced by activity of 
unicellular iron–manganese oxidizing bacteria (Guido et al., 
2016; Heim et al., 2017; Scopelliti & Russo, 2021), but opaque 
grains are rare in the Noonday Formation. Ganarake lacks 
the histology of fossil calcareous algae, the box–like cells 
of rhodophytes, the verticillate structure of dasyclads, and 
the loose fountaining structure of chlorophytes (Wray, 1977; 
Flügel, 1977). Spheroids from Cryogenian siltstones of the 
Elatina Formation in South Australia (Le Heron et al., 2016) 
differ from Ganarake by lacking hyphal connections and 
much larger diameter (200–500 µm). An unnamed Ediacaran 
lichen from phosphorites of the Ediacaran Doushantou 
Formation of China (Yuan et al., 2005), has spheroidal and 
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tubular cells, but not arranged within a recognizable thallus. 
Another unnamed fungus from paleocaves in “caprock” of the 
Ediacaran Doushantou Formation of China has both hyphae 
and spheroidal cells, but they are not intimately connected, 
nor organized into a thallus structure (Gan et al., 2021).

Palynological investigations of Ediacaran marine rocks 
yield a great diversity of “acritarchs” and occasional cell 
aggregates, interpreted as communities of plankton, nekton, 
algae, cyanobacteria, and fungi (Zang & Walter, 1989; Grey, 
2005: Agić et al., 2019). In contrast, palynological preparation 
of a silicified piece of tubestone for this study found only 
four different kinds of organic fossils: sheets of cells with 
attached large spheroids, narrow aseptate tubular cells, wide 
septate tubular cells, and clusters of small spheroids (Fig. 14). 
Rather than a community of diverse unicellular organisms, 
this assemblage is interpreted here as different parts and life 
stages of a single multicellular organism.

Remarks—The biological affinities of Ganarake 
are uncertain, like other problematic Precambrian fungal 
fossils (Yuan et al., 2005; Retallack et al., 2013; Gan et 
al., 2021). Mucoromycota include largely aseptate, but 
occasionally septate, hyphae, like Ganarake (Hibbett et 
al., 2007). There are some similarities with pea truffles of 
the order Endogonales, and Family Endogonaceae, such as 
Endogone, which form ectomycorrhizal symbioses with a 
variety of land plants including liverworts, hornworts, ferns, 
lycopsids, conifers and angiosperms (Yao et al., 1996; Desirò 
et al., 2017). Endogone forms macroscopic truffles of spores 
within hyphal envelopes somewhat like those found with 
Ganarake. Endogone however differs greatly in its diffuse 
mycelium, rather than fractally branched lichenized thalli 
with internal cortical–medullary differentiation of Ganarake, 
convergent with ascomycotan and basidiomycotan lichens 
(Ahmadjian, 1967; Henley et al., 2004). Although thallus 
organization of Ganarake is similar to dikaryan (Ascomycota 
+ Basidiomycota) lichens, Ganarake has mainly aseptate 
hyphae, and lacks clamp connections and ascospores. The 
oldest known dikaryan lichens and fungi are early Devonian 
(415 Ma: Honegger et al., 2013).

Ganarake scalaris sp. nov.

https://www.mycobank.org/MB/843137

(Figs 11–15)

Type specimen—Specimen F116111A (Fig. 11C) in 
Condon Collection of the Museum of Natural and Cultural 
History of the University of Oregon in Eugene.

Etymology—The specific epithet is from Latin scalaris, 
of a ladder.

Measurements—Widths of megafossil specimens are 
25.7 ± 4.3 (17.7–32.0) mm, formatted mean ± one standard 
deviation (range) on the flanges, and 13.9 ± 3.2 mm (9.4–

22.8) on the narrow waists (n=29). Mean diameter of 500 
examples from Galena Canyon is 16.4 ± 4.4 (4.0–39.6) mm. 
Their lengths can be up to 1 m long within individual beds. 
Individual foliose thalli are 244 ± 31 (205–282) µm thick 
(n=5), but highly variable in width 62 ± 34 (5–147) µm (n=24). 
Basal podetial cords are 24 ± 2 (22–28) µm in diameter 
(n=6). Cortical cells are 38 ± 18 (10–73) µm long by 13 ± 5 
(5–26) µm wide (n=36). Aseptate hyphae of the photobiont 
zone are 3 ± 1 (1–5) µm in diameter (n=5) and spheroidal 
photobionts are 15 ± 3 (7–29) µm in diameter (n=72). There 
also are basal septate hyphae 13 ± 2 (10–15) µm in diameter 
(n=18). Rhizoids are 55 ± 26 (31–93) µm in diameter (n=6). 
Masses of 8 to 194 spores are in masses 25 to 164 µm across 
in palynological preparation. The largest fragment has an 
external curvature, which if projected would give a circular 
mass of thousands of spores some 350 µm in diameter. The 
spores are spheroidal to oval, 8.4 ± 1.6 (4–14) µm in diameter 
(n=63), and have walls 1.9 ± 0.6 (1–3) µm thick (n=63). 
Oxalate skeletal bipyramidal crystals are 14.3 ± 3.5 (10–23) 
µm long (n=30), and 5.2 ± 1.4 (3–7) µm wide (n=30).

Remarks—Ganarake was an extinct organism somewhat 
similar to living Endogone, but distinct in forming a stratified 
lichen thallus unknown in Endogone or Endogonaceae (Yao 
et al., 1996; Desirò et al., 2017). Pea truffles of Endogone 
formed from spore clusters may be an explanation for the 
central hollow of Ganarake filled with dolomitized calcite 
and oxalate. These spores may have dispersed or rotted to 
leave the central hollow that was propagated as a tube as it 
grew up through eolian sediment accretion. This mode of 
growth is comparable with lichen stromatolites which are 
irregularly laminar calcretes from successive crustose lichens 
on limestone (Klappa, 1979) or silcrete ministromatolites from 
small fruticose lichens on sandstone (Gorbushina et al., 2001). 
Stromatolites or depression between stromatolites were early 
explanations for Noonday tubestones (Cloud et al., 1974; 
Corseti & Grotzinger, 2005), which can no longer explain the 
foliose thalli and microstructures documented here.

CONCLUSIONS

Previous studies have assumed that the Noonday 
Formation and its enigmatic tubestones were a tropical marine 
“cap carbonate” deposited on glacial tillites, a paleoclimatic 
swing of a magnitude without any modern analog (Hoffman, 
2011). Boron and calcium isotope anomalies also showed that 
marine deposition required an 1.1 pH unit shift in the world 
ocean, which is incredible for such a large volume of water 
(Kasemann et al., 2005, 2010). A variety of observations 
detailed here suggest instead that the Noonday Formation 
was a sequence of paleosols: within–bed petrographic and 
chemical differentiation; common silicate minerals, loess–
like grainsize and textures, sheet cracks, needle fiber calcite, 
oxalate crystal, light YREE enrichment, carbon and oxygen 
stable isotopic covariation, intraformational red paleokarst 
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breccias, and ravinement surfaces. In soils and paleosols pH 
changes several units from horizon to horizon (Retallack & 
Burns, 2016; Lukens et al., 2018). Three distinct kinds of bed 
here named Pahuntoi, Paka and Nataanga (Shoshoni Language 
Project, 2019) can be identified as Psamment, Orthent and 
Ochrept soils (Soil Survey Staff, 2014). A plausible modern 
analog for such cap carbonates is calcareous loess on 
Pleistocene tills (Retallack, 2011). The Quaternary Chinese 
Loess Plateau has a sequence of paleosols, thickness and 
paleogeographic distribution (Sun et al., 2004) comparable 
with the Noonday Formation (Williams et al., 1974).

Silicified tubestones of the Noonday Formation contain 
permineralized cellular details of of Ganarake scalaris gen 
et sp. nov., with aseptate hyphae showing Y and H shaped 
branching, and ladder–like arrays from hyphal fusion. Large 
sporangia and possible deformed zygospores are most like 
those of living Endogone (Mucoromycota: Yao et al., 1996). 
Unlike the mycorrhizal living Endogone, Ganarake had 
dichotomously branching foliose thalli with upper and lower 
cortex and central algal zone with large spheroidal cells 
showing haustorial connection of a lichen. The spheroidal 
photobiont has the diameter (15 ± 3 µm, range 7–29 µm) and 
organic carbon isotopic composition (organic δ13C – 21.27 
± 2.54 ‰: Corsetti & Kaufman, 2003) of living chlorophyte 
alga, which are 10–25 μm in size (Schopf, 1991) and – 24.3 
± 6.4 ‰ δ13C composition (Retallack & Landing, 2014). 
Chlorophytic symbionts of lichens are smaller than free living 
forms (Ahmadjian, 1967; Henley et al., 2004) and the isotopic 
composition of fungi is the same as their food source (Boyce 
et al., 2007; Hobbie & Boyce, 2010). The foliose thallus grew 
in whorls around a central cavity filled with sparry carbonate 
and oxalate in the manner of modern window lichens (Timdal, 
2017), growing new whorls above the old after cover by eolian 
laminae to form geoplumb tubes through aggrading loess.
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