
A solution to Darwin‟s dilemma of 1859: exceptional preservation in Salter‟s 1 

material from the late Ediacaran Longmyndian Supergroup, England 2 

 3 
Richard H.T. Callow and Martin D. Brasier 4 
Department of Earth Sciences, University of Oxford, Parks Road, Oxford, OX1 3PR, UK. richardc@earth.ox.ac.uk  5 
 6 
 7 
Study of historic and fresh collections from the Longmyndian Supergroup sheds new 8 
light on Ediacaran microbial communities and taphonomy. First reported by Salter in 9 
1856, and noted by Darwin in the ‘Origin of Species’ in 1859, a range of macroscopic 10 
bedding plane markings are already well known from the Longmyndian. Here we report 11 
filamentous and sphaeromorph microfossils, variously preserved as carbonaceous films, 12 
by aluminosilicate permineralization and as bedding plane impressions. This supports a 13 
long-suspected link between wrinkle markings and microbes and draws further 14 
attention to our hypothesis for a taphonomic bias towards high-quality soft tissue 15 
preservation in the Ediacaran Period. 16 
 17 
 18 
The Precambrian has long been a puzzle for palaeontologists and for many years Precambrian 19 
sediments were thought to be unfossiliferous. Charles Darwin saw the lack of a Precambrian fossil 20 
record as a potential problem for his theory of natural selection, a problem which has become 21 
known as „Darwin‟s Dilemma‟: “To the question why we do not find records of these vast 22 
primordial periods, I can give no satisfactory answer.” (Darwin 1859). Despite this, Darwin 23 
appeared confident that life had existed during the Precambrian and that fossils were yet to be 24 
identified: “Consequently, if my theory be true, it is indisputable that before the lowest 25 
[Cambrian] stratum was deposited, long periods elapsed, as long, or probably far longer than, 26 
the whole interval from the [Cambrian] age to the present day; and that during these vast, yet 27 
quite unknown, periods of time, the world swarmed with living creatures.” (Darwin 1859). It is 28 
around this time that the first reports of Precambrian fossils appeared, as the Geological Survey 29 
geologist J.W. Salter described trace fossils (Arenicolites) in addition to markings including “rain-30 
prints”, “sun-cracks” and “surf-ripples” from the Long Mynd of Shropshire. This important report 31 
was cryptically noted by Darwin: “Traces of life have been detected in the Longmynd beds 32 
beneath Barrande’s so-called primordial [Cambrian] zone.” (Darwin 1859). Salter‟s initial 33 
discoveries therefore mark the beginning of the study of Precambrian palaeontology and 34 
potentially provided Darwin with a solution to his dilemma. 35 

While a variety of unusual bedding plane markings are now well known from the 36 
Longmyndian Supergroup, here, we describe a variety of exceptionally preserved microbes, both 37 
from Salter‟s material and from new collections. These microbes are preserved as carbonaceous 38 
films, silicate replacements and three-dimensional impressions and reveal that some secrets of 39 
the Longmyndian rocks have remained hidden for over 150 years. Exceptionally preserved 40 
microbes are well known from Ediacaran carbonaceous (e.g. Miaohe; Xiao et al. 2002), 41 
phosphatic (e.g. Doushantuo; Xiao & Knoll 1999) and siliceous (e.g. Doushantuo; Xiao 2004) 42 
lagerstätte. However, our observations of microbial preservation by aluminosilicate 43 
permineralization and as siliciclastic bedding plane impressions are somewhat unusual and 44 
deserving of further description. 45 
 46 
 47 
Setting and Materials. The Longmyndian Supergroup of Shropshire, England, has been 48 
interpreted as an expanded Ediacaran siliciclastic succession, ranging from marine deltaic to 49 
alluvial plain or fluvial palaeoenvironments (McIlroy et al. 2005 and references therein). No large 50 
Ediacaran frondose macrofossils are known, although an array of unusual bedding plane markings 51 
including Salter‟s putative annelid worm traces (Arenicolites), have been described (e.g. Salter 52 
1856, 1857; Greig et al. 1968; Bland 1984; McIlroy et al. 2005). While the biogenicity of Salter‟s 53 
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holotype material for Arenicolites has since been disputed (e.g. Greig et al. 1968; McIlroy et al. 54 
2005), markings from the Longmyndian have latterly attracted interpretations ranging from the 55 
sedimentary expressions of ancient microbial mats (microbially induced sedimentary structures 56 
sensu Noffke et al. 2001), to body or even to trace fossil taxa (see McIlroy & Walter 1997; 57 
McIlroy et al. 2005).  58 

Microfossils from the Longmyndian were first reported by Timofeyev (1980) while Peat 59 
(1984) described carbonized, mat-forming, ribbon-like and sphaeromorph microfossils from 60 
petrographic thin sections, which were compared with prokaryotes, eukaryotes and even 61 
questionably with metazoans. Here, we report on a fresh study of Salter‟s historic material, 62 
supplemented by new specimens from the Burway Formation at Ashes Hollow and the Lightspout 63 
Formation in Carding Mill Valley, Shropshire (see Greig et al. 1968), focusing upon the evidence 64 
for exceptional fossil preservation on a microscopic scale. 65 

 66 
Longmyndian Fossils. Description. Petrographic thin sections through dark carbonaceous 67 
siltstones of the Lightspout Formation, reveal abundant black carbonized filaments (Fig. 1), 68 
similar to those reported by Peat (1984). The filaments are typically 15-20μm in diameter and up 69 
to 1500μm in length and do not show evidence for tapering. They are non-septate and do not 70 
appear to show branching of any kind. These filaments are commonly parallel to sub-parallel in 71 
orientation and can overlap and form interwoven mat fabrics, much as reported by Peat (1984). 72 
Variations in filament diameter along the length of a single filament are here interpreted in part 73 
as taphonomic artefacts. We have not yet observed sphaeromorph structures from thin sections. 74 
The lower bedding surface of the filament-bearing horizon bears an irregular crinkly texture, 75 
similar to putatively microbial markings known as „Kinneyia‟ (e.g. Gerdes 2007). Our 76 
observations support the microbial origin of these markings, which is significant given the 77 
potential abiogenic modes of formation of wrinkle markings (Porada & Bouougri 2007; McLoughlin 78 
et al. 2008) and the often limited evidence for a direct connection between microbial mats and 79 
wrinkle markings in the Precambrian. 80 

Sub-millimetre scale examination of siltstone bedding surfaces of the Burway Formation at 81 
Ashes Hollow allows us to report a variety of distinctive white filamentous markings, which are 82 
preserved within a grey-green siltstone matrix (Fig. 2). Long (mainly >1mm), thin (<20μm) 83 
filaments often occur alongside markings attributed to the body fossil Beltanelliformis minutae 84 
McIlroy and the ichnotaxon Medusinites aff. asteroides Sprigg, as described by McIlroy et al. 85 
(2005). SEM imaging reveals their gentle positive relief and allows us to refute the possibility that 86 
they represent surface contaminants. The filaments show no evidence of tapering and are 87 
assumed to have been originally circular in cross section. Internal divisions or septation cannot 88 
be seen although this may be an artefact of preservation. Significantly, the filaments show 89 
unequivocal „Y‟-shaped branching, which may have implications for their biological affinity (Fig. 90 
2C). The filaments can either be found sporadically on bedding planes (Fig. 2B-C) or alternatively 91 
they can be observed in extremely high concentrations, where they be either random or parallel 92 
in orientation and form dense, interlocking mats within thin (<1mm) sedimentary laminae (Fig. 93 
2A). 94 

Much larger diameter filaments can also be observed on the same bedding planes as the 95 
thread-like filaments (Fig. 2D). These can be up to several hundred microns in diameter and 1-96 
2mm in length. The broad filaments are also white in colour and show no evidence for septation 97 
or branching nor do they demonstrate a tendency to cluster or form mats. White circular to sub-98 
circular discoidal structures, up to 500μm in diameter, also occur on the same bedding planes, in 99 
clusters of up to 20 specimens (Fig. 2E). These discoidal structures show no evidence for internal 100 
architecture or evidence for mechanisms of growth. We suggest that these may originally have 101 
had a sphaeromorph morphology and may be comparable to the structures reported from thin 102 
section by Peat (1984).  103 

In addition to carbonized filaments (Fig. 1) and white filaments and discoids (Fig. 2), we 104 
also report the occurrence of filamentous markings, which are preserved as impressions and 105 
moulds in three-dimensions, likewise on bedding planes. Straight to sinuous, narrow (c. 200μm), 106 



thread-like features are relatively common in Salter‟s specimens labelled “Yearling Hill, Church 107 
Stretton” (Fig. 3). These samples are thought to be from the Burway/Synalds Formation at 108 
Yearlet Hill (Greig et al. 1968), although our field investigations have not revealed the exact 109 
locality of these samples. These filamentous markings occur either in positive or negative relief 110 
and are often found in close spatial association with (or even superimposed upon) features 111 
referred to Beltanelliformis minutae (c.f. McIlroy et al. 2005). Features referred to B. minutae are 112 
also found in the opposite sense of relief to the thread-like impressions (Fig. 3). These markings 113 
may be comparable to the somewhat smaller “hair-like” structures reported by McIlroy et al. 114 
(2005), which have been used as an indicator for ancient microbial mats. Typically the thread-like 115 
markings are rather sinuous and randomly oriented. In other cases, parallel-oriented filaments 116 
may reflect a palaeocurrent direction. Together, these observations are not easily interpreted as 117 
minute trace fossils or even as abiogenic structures such as shrinkage cracks, current lineations 118 
or groove casts and we suggest that these markings may represent the external moulds of large, 119 
mat-building, microbial filaments. 120 

  121 
Biological Affinities. A wide range of microbial morphologies are present in the Longmyndian, 122 
which supports the presence of a diverse late Ediacaran microbial community. Resolving the 123 
biological affinities of these microbes is difficult however, given the lack of characteristic and 124 
diagnostic biological or morphological features. The shallow marine to fluvial depositional 125 
environment of these sediments means, of course, that either a photoautotrophic or 126 
heterotrophic mode of life remains possible. Potential biological affinities to be considered for 127 
these microbes include cyanobacteria, eukaryotic algae, fungal hyphae or a variety of other 128 
filamentous autotrophic and heterotrophic bacteria. Although many filamentous microfossils have 129 
previously been interpreted largely on the basis of size (e.g. Schopf 1992), our investigations of 130 
modern and ancient filaments suggest that determining the biological affinities of fossil microbes 131 
using filament diameter is highly problematic. 132 

The smallest (c. 20μm) carbonized and permineralized filaments (Fig. 1, 2A-C) overlap 133 
with the size ranges reported from modern and putative fossil cyanobacteria (see Schopf 1992 fig. 134 
5.4.27) and branching could also be compatible with cyanobacteria. Wrinkle markings observed 135 
from the Longmyndian (e.g. elephant skin texture) can also be compared with microbially 136 
induced sedimentary structures found within living cyanobacterial mats (e.g. McIlroy et al. 2005; 137 
Gerdes 2007). We have not definitively observed features such as „H‟-shaped branching or hyphal 138 
fusion which would support a fungal affinity (e.g. Butterfield 2005). Therefore, although we 139 
suggest that a cyanobacterial affinity is possible, we are unable to reject eukaryotic algal or other 140 
microbial possibilities. The larger white filaments (Fig. 2D) and the filamentous impressions (Fig. 141 
3) could also be explained as large cyanobacterial sheaths, as bundles of microbial filaments, or 142 
as eukaryotic algae. Determining the biological affinities of discoidal microfossils is equally 143 
problematic, although it may be interesting to speculate whether they are comparable to the 144 
Precambrian possible prokaryote Chuaria, which is more commonly preserved as a carbonaceous 145 
film (e.g. Steiner 1994).  146 

We are currently unable to satisfactorily resolve the affinities of the Longmyndian 147 
microbes, although we suggest that future sampling combined with further morphological and 148 
geochemical (e.g. biomarker) analysis may yet help to distinguish between the various 149 
possibilities. 150 

 151 
Taphonomy. As we have described, the Longmyndian microbes are preserved within three 152 
distinct taphonomic modes. In the first case, microbes are preserved as carbonaceous films (Fig. 153 
1). This style of preservation is well known from Proterozoic mudrocks (e.g. Hofmann 1994; 154 
Steiner 1994) and ranges through the Ediacaran and into the Cambrian (e.g. Lower Cambrian 155 
Sabellidites; Urbanek and Rozanov 1983 and the Middle Cambrian Burgess Shale; Butterfield et 156 
al. 2007) but subsequently disappears from the marine fossil record as a significant mode of 157 
preservation (Butterfield 1995).  158 



In the second mode, the microbes are preserved three dimensionally by a distinctive white 159 
mineral (Fig. 2). Energy Dispersive X-Ray (EDX) analysis reveals this to be an iron and potassium 160 
aluminosilicate mineral. The fine grain size means that is not possible to observe the structure of 161 
this microcrystalline mineral and the exact mineralogy remains speculative. Precambrian 162 
permineralized microbes are well known to occur in lagerstätten where silica, phosphate and even 163 
pyrite replace soft tissues (Grazhdankin & Gerdes 2007; Brasier et al. in press), but not hitherto 164 
preserved in aluminosilicates. Preservation of soft tissues in aluminosilicate clay minerals has 165 
been described from Phanerozoic lagerstätte including the Burgess Shale (Orr et al. 1998; 166 
Butterfield et al. 2007) and the Ordovician Soom Shale (Gabbott et al. 2001), although the exact 167 
mechanisms of aluminosilicification are not yet fully resolved. For example, it has been suggested 168 
that Burgess Shale aluminosilicates were formed during late stage diagenesis/metamorphism by 169 
replacement of a precursor phase (Butterfield et al. 2007). We have not, however, observed any 170 
evidence for the replacement of a mineral precursor phase in the Longmyndian. It has also been 171 
proposed that aluminosilicates (phyllosilicates) may be formed during the low grade metamorphic 172 
devolatilization of carbonaceous films (e.g. Page et al. in press). The presence of unaltered 173 
carbonaceous filaments in Longmyndian sediments is, however, less easily explained by this 174 
hypothesis. In the Soom Shale it has been suggested that organic tissues acted as templates for 175 
the adsorption of colloidal clay minerals, leading to their replication by aluminosilicates (Gabbott 176 
et al. 2001). In this case it is the most labile organic tissues which are preserved in the greatest 177 
detail. Such an observation matches our discovery of the preservation of labile microbial 178 
materials by aluminosilicates. We also draw attention to the well known affinity of quartz and 179 
colloidal clay particles for organic materials (Konhauser & Urrutia 1999; Martin et al. 2004). We 180 
therefore propose that very early diagenetic aluminosilicate permineralization was a key factor for 181 
the preservation of the Longmyndian filaments.  182 

In the third mode, filaments are not preserved as carbonaceous remains, or replaced by a 183 
diagenetic mineral, but are preserved as impressions and moulds by the siliciclastic sediment 184 
itself. These filaments are therefore found on bedding planes as sharp positive ridges (Fig. 3A) or 185 
their counterpart negative impressions (Fig. 3B). In the Ediacaran Period, this type of 186 
preservation is more commonly known from large macrofossils such as Charnia (Narbonne 2005). 187 
In comparison with the Precambrian, the preservation of soft tissues within siliciclastic sediments 188 
is also notably rare from the Cambrian onwards (see Brasier et al. in press). Our investigations 189 
from the Longmyndian and other Ediacaran lagerstätten suggest that this style of preservation is 190 
reliant upon the rapid lithification of bedding plane interfaces. It is noteworthy that while 191 
microbial mats are often invoked as important factors in the preservation of Ediacaran 192 
macrofossils (Gehling 1999), there is currently no obvious explanation for the preservation of 193 
microbes themselves in the same taphonomic mode. 194 
 195 
 196 
Conclusion. The palaeontological importance of the Longmyndian Supergroup has been 197 
recognized for over 150 years, but its microbial lagerstätten have not been widely reported until 198 
now. We find that Longmyndian microbes are preserved as carbonaceous films, as aluminosilicate 199 
permineralized filaments and as moulds and impressions on bedding planes. These observations 200 
reinforce the hypothesis (Brasier & Callow 2007; Brasier et al. in press) that the Ediacaran fossil 201 
record appears to be biased towards the high quality preservation of soft tissues. The relative 202 
scarcity of such exceptional preservation at later times, in a variety of taphonomic modes 203 
suggests that these unusual taphonomic windows significantly narrowed following the Ediacaran-204 
Cambrian transition.  205 

Salter‟s discoveries have been important from two perspectives in addressing the paradox 206 
known as „Darwin‟s dilemma‟. Firstly, his keen macroscopic observations revealed the first 207 
evidence for an Ediacaran fossil record, an observation of particular interest to Charles Darwin 208 
150 years ago. Secondly, these same rocks have been found by us to contain microbial 209 
preservation at a resolution that scientists including Charles Darwin could not have dared to 210 
predict. 211 
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Figure Descriptions 289 
 290 
Fig. 1. Carbonaceous microbial filaments preserved as carbonaceous compressions from 291 

petrographic thin sections of the Lightspout Formation, Longmyndian Supergroup at 292 
Carding Mill Valley, Shropshire. (a) Densely interwoven parallel to sub-parallel filaments 293 
forming a laminated microbial mat fabric (Scale bar 1mm). (b) Dark black filamentous 294 
carbonaceous filaments (Scale bar 400µm). 295 

 296 
Fig. 2. Microbial filaments preserved in aluminosilicate minerals from the Burway Formation at 297 

Ashes Hollow, Shropshire. (a) Dense network of randomly oriented straight filaments 298 
forming a microbial mat. (b) Bedding plane with much lower density of filaments. (c) 299 
Filaments showing „Y‟-shaped branching (arrowed) and cross-cutting relationships. (d) 300 
Larger diameter filament with one distinctively rounded apex. (e) A cluster of discoidal 301 
bedding plane structures. (Scale bar 1mm for A-B; 0.5mm for C and E; 0.25mm for D). 302 

 303 
Fig. 3. Three-dimensionally preserved microbial impressions on Salter‟s specimens from Yearling 304 

(Yearlet?) Hill, Church Stretton, Shropshire. (a) British Geological Survey Specimen 49151, 305 
originally figured by Salter, 1857 Pl. V, fig. 1, and described as “rain-prints on rippled 306 
surface with Annelide-burrows (Arenicolites sparsus; young) in the hollows of the ripple”. 307 
The shallow negative relief depressions (Salter‟s rain prints) contrast with the sharp positive 308 
moulds of microbial filaments (Scale bar 1cm). (b) Specimen BGS 49157 (counterpart of 309 
49151) showing sharp positive relief pustules (counterparts of A. sparsus of Salter) and 310 
broad, gentle positive relief markings (counterparts of Salter‟s rain prints) with abundant 311 
narrow, sinuous negative relief impressions of microbial filaments (Scale bar 1cm). n.b., the 312 
pale markings are a secondary weathering phenomenon. 313 
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