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A B S T R A C T

Boron content is an indicator of paleosalinity for Mesozoic and Cenozoic clayey sediments, but is compromised
by clay diagenesis in deeply-buried sediments of Paleozoic and Ediacaran age. This study of North American,
Russian, and Australian, Paleozoic and Ediacaran fossils showed tight covariance of B (ppm) and K (wt%),
confirming common wisdom that boron is carried largely by illlite-smectite clays. Ratios of B/K>40 μg/g
distinguish modern marine and freshwater sediments, but this discrimination threshold declines to 21 μg/g for
sequences with bituminous coal just below the anchimetamorphic zone, and to 5 μg/g for sequences within the
anchimetamorphic zone toward greenschist facies. Marine and non-marine threshold B/K values can be pre-
dicted from Weaver and Kübler indices of illite crystallinity, as a measure of B depletion during deep burial and
metamorphism. Deviations from that expectation (ΔB/K-Weaver and ΔB/K-Kübler) are positive in marine rocks, and
negative in non-marine rocks. Trilobites, stromatolites and other marine fossils were correctly identified as
marine by this proxy, and fossil land plants identified as non-marine, though in some cases by small margins
because of declining B content with increased clay crystallinity. Cryogenian to Devonian problematic quilted
fossils (Dickinsonia, Arumberia, Rangea, Pteridinium, Ernietta, Aspidella, Rutgersella, Protonympha) are indis-
tinguishable from Devonian to Triassic plants using this proxy, and significantly different from trilobites, bra-
chiopods, ammonites and other securely marine fossils.

1. Introduction

Boron in clays, as a B/K ratio (Walker and Price, 1963), has been
used as a paleosalinity proxy because marine waters have higher boron
content of 20–50 ppm than about 2 ppm for freshwater (Reynolds,
1965a; Couch, 1971). Unfortunately, diagenetic illitization depletes
boron in deeply buried Paleozoic rocks (Spears, 1965; Perry, 1972;
Bottomley and Clark, 2004), and metamorphism further exhausts boron
(Reynolds, 1965b; Moran et al., 1992; Bebout, 2007). This study ex-
plores the boron depletion process with data on boron content and illite
crystallinity of deeply buried fossils with the aim of extending the boron
paleosalinity proxy to deeply buried Paleozoic and Precambrian rocks.
This novel technique can not only be used to confirm paleosalinity of
known marine organisms, but also potentially resolve controversy
whether Ediacaran vendobionts were marine (Evans et al., 2015;
Tarhan et al., 2016, 2017) or freshwater (Retallack, 2013a; Bobkov
et al., 2019). Also analyzed were a variety of Precambrian paleosols, in
rocks previously regarded as marine (Retallack, 2013a, 2016b, 2018b;
Retallack and Mao, 2019).

2. Materials and methods

Some 20–30 g from each specimen were pulverized for aqua regia
digestion and ICP-AES analysis of B (10–10,000 ppm range) and melted
(670 °C) with sodium peroxide and dissolved in 30% HCl for ICP-AES
analysis of K2O (0.1–30 wt% range) by ALS Geochemistry of North
Vancouver, British Columbia (Table 1). Analytical precision (95%)
is± 10 ppm for B and ± 0.13 wt% K2O. Boron was sometimes below
detection limit of 10 ppm, and in those cases the value of x/√2 was used
(in this case 7 ppm), the best choice statistically according to Croghan
and Egeghy (2003). If there is a bias to this choice over 0 or 5 ppm, the
higher value of 7 ppm is a bias toward marine prediction of the boron
proxy. Simple weight ratios of B/K (ppm/%, = μg/g) were calculated to
normalize for illite content of the matrix, because illite has been shown
to be the main carrier of boron in sedimentary rocks (Frederickson and
Reynolds, 1960). Literature values cited as B2O3 and K2O were cor-
rected by conversion factors to B (×0.31057) and K (×0.8301).

Thin sections of slabs with impressions of Dickinsonia costata and D.
menneri were point counted (500 points) with a Swift automated stage
and Hacker electronic counter, with accuracy of common components
of± 2% (Murphy, 1983). Pulverized rock was plated onto glass slides
in deionized water, so that clay platelets were parallel to the slide, and
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then scanned using a Rigaku x-ray diffractometer with CueNi radiation
in the Department of Earth Sciences, University of Oregon, Eugene,
with data extracted using a FORTRAN program written for this purpose
by M.H. Reed. These traces were used to calculate two crystallinity
indices: Weaver index (10 Å/10.5 Å peak height, = height at 8.84/8.42
°2θ) and Kübler index (width at half height of 10 Å peak in °2θ). Kübler
indices were not standardized as recommended by Warr and Ferreiro
Mählmann (2015), because source diffractograms from literature
compilation were not standardized (Table 2; Spears and Sezgin, 1985;
Jeong and McDowell, 2003; Hofer, 2009, Środoń and Paszkowski,
2011). As suspected by the need for standardization, Kübler index was
found to be less reliable than Weaver index. Weber index is a third
popular crystallinity index (Frey, 1987), but was not calculated because
the same source diffractograms used for calibration did not all extend to
quartz peaks.

Analyses were performed on the shale or siltstone matrix of well-
lithified to metamorphosed fossils and paleosols, ranging in age from
242 to 3700 million years old (Table 1). Sample selection was guided
for comparability with Ediacaran vendobiont fossils, which are in the
anchimetamorphic zone of burial alteration, approaching greenschist
and prehnite-pumpellyite metamorphic facies (Retallack, 2013a,
2016b). Point count data on mineral modes is published for 12 of the 88
specimens analyzed (F36203 = R176, F112810 = R2297, F113717]
F3595, F115737, F116787 = R4003, R116400 = R3839, F125776,
R3206, R3756, R3786, R4204, R4348 from Retallack, 2001, 2012,
2013b, 2015b, 2016b, 2018b, Retallack et al., 2013a, 2016; Retallack
and Mao, 2019). These have 35 ± 5% clay (one standard deviation),
and a surprising 45 ± 14% silt. These 12 point-counts were used as a
training set to predict the clay abundance and clay:quartz ratio of all 88
specimens (Table 1), following the recommendation of Fisher and
Underwood (1995) of linear regression from ratios of the 10 Å peak for
illite and the 2.46 Å peak for quartz on X-ray diffractograms (Fig. 1).
The abundance of silt in early Paleozoic and Ediacaran shales has been
noted before, and blamed on widespread windblown dust before the
advent of land plants (Dalrymple et al., 1985; Retallack, 2012, 2013a,
2019).

Only the silicate matrix was analyzed, not shell nor carapace, of
Anomalocaris, trilobites, brachiopods, and foraminifera. Vendobionts
are a group of problematic quilted fossils best known from rocks of
Ediacaran age (Seilacher, 1992), but also recognized now in Cambrian
through Devonian rocks (Retallack, 2008, 2013b, 2018a), and perhaps
as old as Cryogenian (Keeley et al., 2013). Casts of the upper surface
(Dickinsonia of Table 1) were analyzed, as well as internal fills of some
vendobionts (Arumberia, Ernietta, Rangea, Pteridinium, Erytholus of
Table 1). Aspidella is here included with vendobionts rather than dis-
coids, because type material has small quilts within the apex, and or-
iented specimens show that attached tubular features are rhizomorphs
(Retallack, 2016b), rather than frond stalks (Gehling et al., 2000).
Undescribed problematic fossils included reticulate markings from
Fishtrap Lake Montana (Retallack, 2013b), and from Pocatello, Idaho
(Keeley et al., 2013). Some analyzed Ordovician plants were illustrated
by Retallack (2000, 2001), but others are undescribed, with details
available online (paleo.uoregon.edu). Undescribed Tonian thecamoe-
bians are similar to those described by Porter et al. (2003), but in shale
rather than nodules. Trace fossils like those of dictyostelid slime molds

include Lamonte trevallis from the Shibantan Member of China, and
Myxomitodes stirlingensis from the Western Australian Stirling Range
Formation (Retallack and Mao, 2019). Non-saline paleosols analyzed
range in age from Ordovician to Paleoarchean (442–3420 Ma) and are
described fully elsewhere (Retallack, 2013a, 2013b, 2015a, 2015b,
2016b, 2018b). Acid-sulfate paleosols with abundant sand crystals, also
known as playa evaporites, were separated as a distinct category that is
exceptionally boron-rich (Retallack et al., 2016; Retallack, 2018a;
Retallack and Noffke, 2019; Retallack and Mao, 2019). All specimens
are curated in the Condon Collection of the Museum of Natural and
Cultural History of the University of Oregon (online portal paleo.
uoregon.edu).

3. Paleosalinity from B/K ratios at different diagenetic alteration
grades

The boron paleosalinity proxy is based on the observation that
marine waters have higher boron content (20–50 ppm) than freshwater
(ca. 2 ppm), and comparable differences are preserved in clays, espe-
cially illites (Frederickson and Reynolds, 1960; Couch, 1971). Thus, B/

Table 2
Threshold marine B/K mass ratio, Weaver and Kübler indices of illite crystallinity.

Geological Age Location Threshold B/K (μg/g) Weaver index Kübler index Reference

Holocene Lake Superior, USA 40 2.1 0.65 Nussman, 1965, Goldberg and Arrhenius (1958), Jeong and McDowell
(2003),

Cretaceous Austria 52 1.9 0.75 Hofer, 2009
Carboniferous Yorkshire, UK 21 2.8 0.60 Spears (1965), Spears and Sezgin (1985)
Carboniferous Donbass, Ukraine 16 3.0 0.52 Środoń and Paszkowski (2011)
Ediacaran Brachina Gorge, S. Australia 5 3.2 0.40 Retallack, 2013a

Fig. 1. Prediction of the ratio of clay/quartz (A) and percent clay (B) from 12 of
the analyzed specimens using the ratio of illite (10 Å) and quartz (3.46 Å) peaks
in X-ray diffractograms.
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K ratios can be used to discriminate marine and nonmarine sediments
(Walker and Price, 1963; Reynolds, 1965a). This approach became less
popular when it was discovered that diagenetic illitization depletes
boron in Paleozoic rocks (Spears, 1965; Perry, 1972; Bottomley and
Clark, 2004), and metamorphism further depletes boron (Reynolds,
1965b; Moran et al., 1992; Bebout, 2007). Thus other element ratios for
paleosalinity, such as B/Ga, have proven more popular (Ye et al., 2016;
Wei et al., 2018).

A new compilation of published data on modern sediments, shows
that a B/K ratio of 40 μg/g discriminates marine from nonmarine
(Fig. 2A), including those of rivers (Chetelat et al., 2009; Ercolani,
2018), lakes (Nussman, 1965; Mackereth, 1966), and the ocean
(Goldberg and Arrhenius, 1958; Ericson et al., 1961). Data on river and
lake sediments were completely fresh water, and data on marine sedi-
ments from deep sea cores and dredges, so that these form end mem-
bers. These data are also B contents of bulk sediment, not separated
clays, as recommended for B-paleosalinity work in the past (Walker and
Price, 1963). Clay separation is problematic at high grades of diagenetic
and metamorphic recrystallization of clays (Frey, 1987). As expected,
estuarine sediments (Shirodkar and Dalal, 1988) have values straddling
40 μg/g, and acid sulfate lake (playa or Gypsid soil) sediments have
exceptionally high boron (Fig. 2B). Concentration of boron in playas is
so extreme as to form boron ores, such as ulexite, and this kind of pa-
leosol differs from others in obvious salt crystals and sand crystals
(Kistler and Helvaci, 1994; Wei et al., 2014).

In buried and diagenetically altered sedimentary rocks, such as in-
terbedded fossiliferous marine shales and non-marine underclays to
bituminous coals of Carboniferous cyclothems in Yorkshire (Spears,
1965), a B/K ratio of 21 μg/g separates marine from non-marine
(Fig. 3). Two other cases of interbedded marine and non-marine rocks

(Hofer, 2009; Środoń and Paszkowski, 2011) together with data on illite
crystallinity (Table 2) from Weaver and Kübler indices (from dif-
fractograms of Spears and Sezgin, 1985; Jeong and McDowell, 2003)
reveal a significant relationship between the marine and non-marine
threshold value of B/K. As the Weaver index increases and the Kübler
index decreases with heat and pressure, the 10 Å peak of illite becomes
sharper and narrower, recrystallizing by Ostwald ripening, and expel-
ling boron (Fig. 4). A recrystallization mechanism has also been used to
explain δ11B and δ18O changes in shales with burial (Ishikawa and
Nakamura, 1993; Williams et al., 2001; Williams and Hervig, 2005).
Thus, the expected threshold values (B/KWeaver and B/KKübler) between
marine and non-marine B/K ratio in μg/g can be predicted from Weaver
index (W) and Kübler index (Ü) of the 10 Å peak of illite (Fig. 5). Di-
vergence of an individual sample from that predicted threshold value
can be expressed using delta (Δ) notation, as follows

= − +B K W/ 32.55 112Weaver (1)

= −B K/ 164.67Ü 70.25K blerü (2)

∆ = −− B K B K/ /B K Weaver sample Weaver/ (3)

∆ = −− B K B K/ /B K K bler sample K bler/ ü ü (4)

Eq. (1) has r2 of 0.98, standard error of± 2.9, n = 4, and prob-
ability of 10−5. Eq. (2) has r2 of 0.98, standard error of± 3.0, n = 4,
and probability of 10−5. In the case of ΔB/K, positive numbers are
marine and negative values are non-marine. Most samples chosen for
this study were depleted in boron because they suffered burial tem-
peratures of 200–300 °C and pressures of 2–4 kbar (Frey, 1987), so that
ΔB/K is a more reliable paleosalinity proxy than B/K. The high corre-
lation of Eqs. (1) and (2) was surprising, but is from only four points of
metadata from literature survey. Ediacaran data presented here was
colinear (Fig. 5), but not included in Eqs. (1) and (2) so the Ediacaran
could be independently evaluated. These relationships deserve wider
testing to embrace likely variability of the relationship between boron
content and crystallinity of clays.

Recommended procedure for determining paleosalinity from boron
thus requires three independent numbers, one each of B (ppm) and K
(wt%), and either the Weaver or Kübler index of the illite 10 Å peak
from an XRD trace. These are then converted to ΔB/K (Eqs. (3) or (4)),
which can be above the marine-non-marine threshold of 0, and thus
marine, or below it, and thus non-marine. The standard error of pre-
diction is± 2.9 ΔB/K, and 22 of 88 fossils analyzed fall within±2.9 ΔB/

K, so are insecurely assigned (Table 1). Insecure assignment to marine
or non-marine within±2.9 ΔB/K is not a failure of the technique, but
more likely an indication of mixed lagoonal or estuarine salinities. Al-
though results from both Weaver and Kübler indices turned out to be
comparable, Weaver index is preferred, because more significant

Fig. 2. B/K mass ratios (μg/g) of modern marine versus lakes and rivers (A) and
of estuaries and saline lakes (B). Data for A from Goldberg and Arrhenius
(1958), Ericson et al. (1961), Nussman (1965), Mackereth (1966), Chetelat
et al. (2009), and Ercolani (2018). Data for for B from Shirodkar and Dalal
(1988), and Wei et al. (2014).

Fig. 3. B/K mass ratios (μg/g) of Carboniferous marine versus non-marine
claystones in the Yoredale Series (Westphalian) of Yorkshire UK (data from
Spears, 1965).
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figures allow greater precision. Furthermore, the Kübler index some-
times returns implausible negative B/K threshold values, perhaps in
part because not standardized (Warr and Ferreiro Mählmann, 2015).

4. General survey results

4.1. Boron assay overview

Six general groups of fossils are contrasted in Table 3 and Fig. 6: (1)
unequivocally marine trilobites, ammonites, brachiopods, and for-
aminifera, (2) unequivocally non-marine fossil plants, (3) non-saline
paleosols, (4) playa paleosols with sand crystals, (5) problematic ven-
dobionts, and (6) enigmatic discoid fossils. Vendobionts are not statis-
tically distinct from plants in ΔB/K Weaver (t-test p = 0.06), but vendo-
bionts and marine fossils are very distinct (p = 10−4), and so are plants
and marine fossils (p = 10−5).

The highest boron values were found in the playa paleosols, which
are thus similar to modern acid-sulfate lakes with boron minerals
(Fig. 2B: Kistler and Helvaci, 1994; Wei et al., 2014). This kind of pa-
leosol with abundant sulfate sand crystals is very common in Archean
rocks (Retallack et al., 2016; Retallack, 2018a), and may include the

oldest paleosol known (Retallack and Noffke, 2019). High positive va-
lues in unequivocal marine fossils and low negative values in fossil
plants are also not surprising. Enigmatic discoid fossils straddle the
marine-non-marine threshold, with some of them marine and some
non-marine. Vendobionts were consistently negative for ΔB/K, and thus
non-marine. This is true for vendobionts found in what has been re-
garded as marine facies of the Cambridge Argillite of Massachusetts
(Thompson et al., 2014), intertidal facies of the Fermeuse Formation of
Newfoundland (Retallack, 2016b), and Flathead Sandstone of Montana
(Retallack, 2013b), in estuarine facies of the Shawangunk Sandstone of
New Jersey (Retallack, 2015a), and coastal lagoon facies of the Moscow
Formation and Rhinestreet Shale of New York (Retallack, 2018a), as
well as those in fluvial-eolian facies of the Ediacara Member in South
Australia (Retallack, 2013a) and the Kanies Member in Namibia
(Retallack, 2019). The Feldshuhorn Member at Swartpunt in Namibia is
a poorly fossiliferous green siltstone without paleosols, stratigraphically
below the abundant trace fossils at Swartpunt (Darroch et al., 2015),
and may have been a coastal lagoon. Some vendobionts were found in
pyritic intertidal paleosols like those that now support salt marsh and
mangal vegetation (Retallack, 2016b), but still had freshwater boron
content. Vendobionts may have been primarily non-marine to es-
tuarine.

Different discoid fossils are marine and non-marine, compatible
with interpretation as microbial colonies (Grazhdankin and Gerdes,
2007). Discoid fossils from the Mooifontein Member in Namibia were
found to have been marine, and as also apparent from occurrence in a
thin sandstone band within limestones crowded with Cloudina and
other shelly fossils (Hall et al., 2013). Similarly, the large pyrite nodules
in matrix below discoid fossils from the Bradgate Formation of England
(Table 1), are comparable with intertidal anoxic paleosols (Retallack,
2013b). Comparable discoid fossils have been interpreted in the past as
sea jelly medusae, which are found both in modern lakes and oceans

Fig. 4. Example X-ray diffractograms showing narrowing of the 10 Å (=8.82
°2θ) peak with higher grade diagenesis and metamorphism.

Fig. 5. Threshold marine/non-marine B/K mass ratios (μg/g) predicted by
Weaver index (A) and Kübler index (B) of illite crystallinity (data in Table 2).
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(Fritz et al., 2007), but the fossils lack any distinctive cnidarian features
(Seilacher, 1992). The other discoid fossils studied are all non-marine in
boron content, including fossils atop paleosols from the Stirling Range
of Western Australia (Retallack and Mao, 2019), like those reported
from Precambrian “desiccated facies” by Grazhdankin et al. (2012).

4.2. Individual problematic cases

The paleosalinity of other fossils determined here may aid in their
interpretation. For example, some Cambrian examples of the trace fossil
Skolithos in the Wood Canyon Formation of California have been con-
sidered non-marine (Kennedy and Droser, 2011), and this study con-
firms that other fossils from that formation and the underling Stirling
Quartzite were nonmarine. In contrast, Cambrian Skolithos associated
with Diplocraterion from an intertidal paleosol (Madla pedotype) in the
Parachilna Formation in South Australia was marine (Retallack, 2008).
These distinctive metazoan burrows are mainly marine, but their ma-
kers may have invaded estuaries.

Unsurprising is high boron as evidence of marine habitat for puta-
tive algae Elainabella (Rowland and Rodriguez, 2014), Vendotaenia
(Hofmann, 1985), Tenuocharta (Horodyski and Mankiewicz, 1990),
Grypania, and Lanceoforma (Walter et al., 1976), and the trace fossil
Manykodes (Retallack, 2013b). Manykodes pedum (Dzik, 2005) is
sometimes still called “Treptichnus pedum” (Buatois and Mángano,
2016), but Treptichnus is found in Pennsylvanian freshwater shales, and
has much straighter segments than Manykodes (Rindsberg and Kopaska-
Merkel, 2005). Also unsurprising is low boron as evidence of freshwater

for Diskagma in a vertic paleosol (Retallack et al., 2013a), and for
Precambrian thecamoebans, although these particular thecamoebans
are in intertidal facies of the Red Pine Shale (Dehler et al., 2010). All
living thecamoebans are soil protists (Porter et al., 2003). Proterozoic
Horodyskia (Retallack et al., 2013b) also have been considered marine,
but have freshwater boron contents for their metamorphic grade. La-
monte has been considered a marine worm burrow (Meyer et al., 2014),
and does have marine boron levels, but may be a slime mold grex of
supratidal flats (Retallack and Mao, 2019). The problematic fossils
Palaeopascichnus (Antcliffe et al., 2011) and Conotubus (Smith et al.,
2016) also appear to have been marine.

5. Case study of Ediacaran Dickinsonia

5.1. Geological background

Dickinsonia is an iconic example of the Vendobionta (Fig. 7), and the
center of controversy whether it was marine (Evans et al., 2015; Tarhan
et al., 2016, 2017) or freshwater (Retallack, 2013a; Bobkov et al.,
2019). The specimen of Dickinsonia costata analyzed (Fig. 87A) was
from the Ediacara Member of the Rawnsley Quartzite in Brachina
Gorge, South Australia (32 m in the section of Retallack, 2013a). The
specimen of Dickinsonia menneri (Fig. 7B) was from the Erga Formation
at Zimnie Gory, north of Arkhangelsk, Russia (368 m in the section of
Grazhdankin, 2004). The South Australian Rawnsley Quartzite overlies
the fluvial Bonney Sandstone with paleosols, and underlies shallow
marine Uratanna Formation with Cambrian trace fossils Manykodes

Table 3
B/K mass ratios (μg/g) and departure from crystallinity-predicted marine-thresholds.

Group Number of analyses B/K (μg/g) ΔB/K-Weaver (μg/g) ΔB/K-Kübler (μg/g)

Marine fossils 22 14.8 ± 21.9 9.8 ± 9.9 18.6 ± 21.3
Plant fossils 12 4.1 ± 2.0 −13.5 ± 7.4 −8.4 ± 7.3
Non-saline paleosols 6 4.1 ± 2.6 −2.4 ± 0.9 −3.1 ± 1.7
Playa paleosols 4 188.6 ± 341.0 155.8 ± 303.8 166.6 ± 314.0
Vendobionts 20 5.9 ± 4.2 −9.3 ± 5.2 −4.8 ± 3.4
Discoids 7 7.8 ± 7.2 −4.4 ± 7.1 −1.0 ± 2.7

Fig. 6. Marine to non-marine thresholds normalized for illite crystallinity calibration of diagenetic and metamorphic alteration, using two separate metrics, ΔB/K

Weaver (A) and ΔB/K Kübler (B).
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pedum (Retallack et al., 2014). The Russian Erga Formation is within an
epicontinental, deltaic and offshore siliciclastic sequence overlying a
40-m-thick Oxisol paleosol developed on Mesoproterozoic meta-
morphic basement (Grazhdankin and Bronnikov, 1997; Liivamägi et al.,

2014, 2015).
Both Dickinsonia specimens are negative hyporeliefs, or impressions

in the sandstone layer directly overlying the original fossil. In thin
section, they are similar in bundled thin laminations, and dominance by
silt-sized grains (Fig. 8C–D), which can be taken as evidence of eolian
deposition (Retallack, 2012). Point counting also revealed similarities
in silt content (53.6% in South Australia and 59.6% in Russia), K-
feldspar (27.6% in South Australia and 31.0% in Russia), and quartz
(25.5% in South Australia and 24.8% in Russia) content (Fig. 8C, D).
Detrital mica did not include muscovite, but chlorite and biotite are
6.6% in South Australia and 2.4% in Russia. The main differences be-
tween the two matrices are red color and abundant hematite of the
South Australian specimen (Figs. 7A, 8C), but gray color and siderite
grains of the Russian specimen (Figs. 7C, 8D). South Australian Dick-
insonia has well crystallized illite and chlorite (Fig. 8A), low in the
greenschist metamorphic facies, due to burial by 6 km (Retallack,
2013a). In contrast, poorly crystallized illite-smectite in Russian Dick-
insonia (Fig. 8B), supported by low thermal maturity of organic matter
(Pehr et al., 2018), isopachs (Maslov et al., 2009), and diagenetic illite
polytypes (Gorokhov et al., 2005), are evidence for burial by no>2 km
of overburden. There is no evidence of hydrothermal alteration, such as
veining, brecciation, or ore minerals, on these specimens (Fig. 7B, D).
Recrystallization of illite in the South Australian specimens was a solid
solution, Ostwald ripening process (Novoselov and de Souza Filho,
2015), because tau analysis of beds there shows depletion of potassium
preserved from soil formation (Retallack, 2012).

Neither the Russian nor Australian fossils show surface oxidation
rinds (Fig. 7A, C). Both are from little-weathered outcrops, in a sea cliff
in the case of the Russian specimen (Grazhdankin, 2004), and in a steep
gorge of the most seismically active region of South Australia
(Retallack, 2012, 2013a). Both also were found in rocks that become
marine a few hundred meters higher in the sequence (Pirrus, 1992;
Retallack et al., 2014). Matrix to those marine fossils was analyzed as a
test for systematic boron deficiencies in source areas, and such defi-
ciency was not found (Table 1).

5.2. Boron assay of Dickinsonia

Results for Dickinsonia menneri are compared with known marine
fossils from the same general sequence (Fig. 9), such as the Cambrian
foraminifera, Yanischevskyites petropolitanus and Platysolenites anti-
quissimus (McIlroy et al., 2001), and the Ediacaran seaweed, Vendo-
taenia antiqua (Hofmann, 1985) in northwestern Russia (Table 1). Also
compared are Cambrian (Mindi and Madla pedotypes) and Ediacaran
(Yaldati pedotype) paleosols from South Australia (Retallack, 2008,

Fig. 7. Analyzed specimens of Dickinsonia costata (A) from South Australia and
D. menneri (B) from northwestern Russia, with thin sections of their matrix (B
and D).

Fig. 8. X-ray diffractograms (A–B) and petrographic composition (C–D) of
Dickinsonia illustrated in Fig. 7.

Fig. 9. B and K analyses of Dickinsonia, compared with marine rocks and pa-
leosols from the same region (Table 1), and inferred marine-non-marine
threshold of 5 μg/g B/K.
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2011, 2012, 2013a). Mindi paleosols are gleyed and contain Erytholus
globosus (of Table 1) below a stromatolitic limestone, and Madla pa-
leosols include trace fossils such as Skolithos linearis (of Table 1), so both
may have been marine influenced (Retallack, 2008). Tight covariance
of B (ppm) and K (wt%), confirms that boron is carried largely by illlite
clays (Frederickson and Reynolds, 1960).

Both fossils of Dickinsonia have low to undetectable boron as evi-
dence of fresh or estuarine water during deposition of the rock layer
overlying the fossil. Other marine fossils and silty paleosols from the
same general regions are evidence for a cutoff between marine and non-
marine deposition at 5 μg/g, though the differences between all these
fossils are slight (Fig. 9). Calculated ΔB/K values for both Weaver and
Kübler indices independent of Ediacaran fossils (Eqs. (1) and (2)) of the
matrix of Dickinsonia, Erytholus, and the Yaldati paleosol are negative,
and thus non-marine. In contrast, positive values for Skolithos, Vendo-
taenia, Yanischevskyites, and Platysolenites, were more likely marine.
Marine or non-marine discrimination by boron is within a standard
error of Eqs. (3) and (4) for Vendotaenia, Yanischevskyites, and Platyso-
lenites, so may not have been fully marine.

This study thus supports Pirrus (1992), who showed that Ediacaran
vendobiont fragments like Dickinsonia and discoids (his plate 1,
Figs. 1–2) from boreholes in Estonia were non-marine. His specimens
had 42–72 ppm B in presumed freshwater shales and 97–228 ppm in
presumed marine shale, for an 80 ppm cutoff, rather than 20 ppm cutoff
for silty sandstones analyzed here. This difference can be attributed to
the shallower burial and less diagenetic alteration of the samples of
Pirrus (1992) on the western margin of the Baltic Basin. Pirrus (1992)
did not provide potash assays or XRD traces, but Wichrowska (1982)
found marine Vendian shales in Poland with mean B/K of only
24.1 ± 8.8 μg/g. Also proposed as freshwater are intertidal facies with
Dickinsonia tenuis in the Konovalovka Subsuite of the Chernokamensk
Suite in the Sylvitsa River, northwest of Yekaterinburg, Siberia
(Grazhdankin et al., 2009, 2010; Bobkov et al., 2019). An X-ray dif-
fractogram of Chernokamensk Formation (Grazhdankin et al., 2010)
shows a broad illite peak with Weaver index 2.3 and Kübler index of
0.81. With a value of 33 ppm B and K2O 3.37%, sample Us35 in un-
derlying Perevalok Suite gives freshwater ΔB/K-Weaver = −24 and ΔB/K-

Kübler = −52 μg/g. With 15 ppm B and K2O 4.09%, sample Us-24 in the
Chernokamensk Suite yields freshwater ΔB/K-Weaver = −31 and ΔB/K-

Kübler = −59 μg/g. This Sylvitsa River occurrence is thus a fourth ex-
ample of freshwater Dickinsonia, based on boron assay.

5.3. Continuing controversy on Dickinsonia

Dickinsonia in South Australia was traditionally interpreted as a
shallow-marine creature of tidal flats, or thrown up in shores of coastal
plains (Jenkins et al., 1983), but later facies analysis interpreted them
as entirely submarine (Gehling, 2000). Comparable facies analysis of
Russian Dickinsonia found them in middle to upper shoreface prodelta
facies (Grazhdankin, 2004), and later in freshwater intertidal facies
(Bobkov et al., 2019). Doubts about marine habitats came from the
discovery of associated paleosols in South Australia, showing soil tex-
tures, hydrolytic weathering, carbonate nodules with pedogenic stable
isotopic covariance, desert rose pseudomorphs, periglacial convolu-
tions, and hydrolytic chemical weathering profiles (Retallack, 2013a,
2016a). Comparable periglacial soil deformation has also been found in
Russia (Retallack, 2016a). Boron assay by itself does not discriminate
paleosol, lake, estuary, or intertidal, only fully marine.

Motile marine animal interpretations of Dickinsonia rely on con-
troversial “intermittent trails” of Dickinsonia (Ivantsov, 2013; Evans
et al., 2019a, 2019b), which may instead be sessile individuals dis-
placed by frost boils (Retallack, 2016a). Arcuate marginal lacerations
and overfolds do not indicate current liftoff (Evans et al., 2015;
Bobrovskiy et al., 2019), but demonstrate that Dickinsonia was attached
to the bottom by forces greater than needed to tear the body apart
(Retallack, 2017a). Narrow animal trails consuming immobilized

Dickinsonia were considered scavenging of dead bodies (Gehling and
Droser, 2018), but the trace fossils have lateral levees like surface trails
of Archaeonassa (Buatois and Mángano, 2016), as indication that this
was surface herbivory. Assemblages with Dickinsonia and other ven-
diobionts also show complex rank abundance distribution (Darroch
et al., 2018), high β-diversity (Finnegan et al., 2019), and low inter-
specific interactions (Mitchell and Butterfield, 2018), unlike marine
benthic communities, and more like terrestrial vegetation (Finnegan
et al., 2019; Mitchell and Butterfield, 2018).

Preservation of Dickinsonia and other vendobionts is problematic
because they show high relief, like plants or fungi with biopolymers
such as cellulose and chitin (Retallack, 1994). The idea of rheological
fill beneath a rigid carapace (Bobrovskiy et al., 2019) is falsified by lack
of soft sediment deformation there, but chambered structure, in thin
section (Retallack, 2016c). High relief was also supported by pyritiza-
tion (Liu et al., 2019) or silicification (Tarhan et al., 2016), again like
fossil plants. Cements of early silicification have Ge/Si ratios> 1 μmol/
mol (Tarhan et al., 2016), characteristic of soil, not aquatic pa-
leoenvironments (Retallack, 2017b). Dating by 234U/238U of iron oxides
on some cover slabs (Tarhan et al., 2018) are an inadequate test for
recent versus Ediacaran oxidation because the half-life of that rarely
used isotopic system precludes an Ediacaran age. Alternating thick
flagstones and thin laminae with Dickinsonia do not reflect alternating
marine currents (Tarhan et al., 2017), but eolian drapes on flood-de-
posited flagstones (Retallack, 2019).

Shales with Dickinsonia in Russia lack the metazoan biomarker 24-
isopropylcholesterane common in indisputably marine Ediacaran rocks
of Oman and China (Pehr et al., 2018). Also in contrast with known
Ediacaran marine rocks, Pehr et al. (2018) found that Russian shales
have (1) unusually high and variable ratio of hopanes/steranes (1.6 to
119, thus variable but generally more bacteria than algae), (2) high and
variable δ15N (−2.8‰ outlier, mostly +3.5 to +6.5‰, thus generally
without nitrate limitation); (3) high and variable δ13Corg (−23.0 to
−33.1‰, thus bacterial photosynthetic carbon-concentration me-
chanisms), and (4) low total organic carbon (0.09 to 1.06 wt%, thus
highly oxidized). Biomarkers support the conclusion of Pirrus (1992)
that eastern European Vendian shales were deposited in lakes or la-
goons rather than oceans.

Cholestanes (C27) as remnants of cholesterol found in fossil
Dickinsonia (Bobrovskiy et al., 2018) are not unique to animals, but
widespread in red algae (Rhodophyta: Chardon-Loriaux et al., 1976),
and many groups of fungi including Ascomycota (Kaneshiro and Wyder,
2000), Glomeromycota (Weete et al., 2010; Grandmougin-Ferjani et al.,
1999), Zygomycota (Weete and Gandhi, 1997), and Chytridiomycota
(Weete et al., 1989). This phylogenetic distribution suggests that cho-
lesterol is basal to fungi and algae, and ergosterol (C28) evolved later
(Weete et al., 1989; Gold, 2018). Fungal affinities for Dickinsonia may
explain the declining ratios of stigmastane/cholestane in progressively
larger and older specimens (Bobrovskiy et al., 2018). This would not be
such a regular pattern if an animal were fouled in old age by green
algae with stigmasterol (C29), but is compatible with long-term fungal
growth from control of green algal symbionts.

While Dickinsonia as the first animal may be appealing (Bobrovskiy
et al., 2019), alternative interpretation as a sessile lichenized fungus
(Retallack, 1994, 2016c) has very different implications for the history
of life. Likely terrestrial glomeromycotan fungi are known back to the
Paleoproterozoic (Retallack et al., 2013a), well before known Ediacaran
Glomeromycota (Yuan et al., 2005; Retallack, 2015c). The oldest un-
disputed animals are very different; small, tubular trace fossils (Ar-
chaeonassa of Buatois and Mángano, 2016) and body fossils (Shanxi-
lithes of Meyer et al., 2012) of “Ediacaran Wormworld” (Schiffbauer
et al., 2016). These trace and body fossils are also associated with
Ediacaran Matresslands of vendobionts, and at least as geologically old
as Dickinsonia (Gehling and Droser, 2018). These enigmatic small
worms are more likely the oldest animals. Geochemical tools such as
boron analysis now play a role in their interpretation.
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6. Conclusions

This study adds evidence from boron that Ediacaran vendobionts
were non-marine, in support of other evidence from paleosols, stable
isotopes, mass balance geochemistry, birefringence fabrics, sand crys-
tals, ice deformation, and tuff textures. The boron content of Ediacaran
vendobionts is indistinguishable from that of fossil plants and paleosols,
and significantly lower than that of known marine fossils, including
Ediacaran stromatolites and algae. Unusually high in boron were pa-
leosols with sulfate sand crystals, like those of modern acid sulfate
lakes, and similar paleosols are common in Archean rocks. Precambrian
thecamoebians, and the likely fungal fossil Horodyskia were freshwater.
Unsurprising are marine salinities for trace fossils (Skolithos,
Manykodes, Lamonte), problematica (Conotubus, Palaeopasichnus), algae
(Elainabella, Vendotaenia, Tenuocharta, Grypania, and Lanceoforma). and
microbes (Eoleptonema).
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