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Abstract: Mudrocks are a primary archive of Earth history from the Archean to recent, and their 8 

source-to-sink production and deposition plays a central role in long-term ocean chemistry and 9 

climate regulation. Using original and published stratigraphic data from all of Earth’s 704 10 

Archean- (3.5 Ga) to Carboniferous- (0.3 Ga) aged alluvial formations, we prove contentions of 11 

an upsurge in the proportion of mud retained on land coeval with vegetation evolution.  We 12 

constrain the onset of the upsurge to the Ordovician-Silurian and show that alluvium contains on 13 

average 1.4 orders of magnitude greater mudrock after land plant evolution than it does in the 14 

preceding 90% of Earth history. We attribute this shift to the ways in which vegetation 15 

revolutionized mud production and sediment flux from continental interiors.   16 

Main Text: Earth’s stratigraphic record preserves a number of trends in biogenic and 17 

chemogenic sedimentary rock type through time, reflecting secular changes at the surface of the 18 

planet (1).    Siliciclastic sediments, primarily produced by the mechanical and chemical 19 

breakdown of parent rock, do not have such first order biological controls. However, subtle 20 

secular changes have been previously quantified, including both clay mineral evolution (2) and 21 

(bio)geomorphic sedimentary structures and architecture (3-5).  In terms of bulk lithology, it is a 22 



long-held anecdotal contention (4, 6-8) that mudrock is rare in alluvium that was deposited prior 23 

to the evolution of land plants, but common thereafter.  We quantitatively test this contention and 24 

find it to be true, demonstrating the magnitude and timing of onset of the increase, using data 25 

recording the proportional thickness of mudrock within alluvial stratigraphic sections (Fig. 1A).   26 

Data were collated from a survey of Earth’s 704 globally-distributed Archean-Carboniferous 27 

alluvial stratigraphic units, reduced and analysed from 1196 published reports and 125 original 28 

field investigations. They show that mudrock is a negligible component of alluvial strata 29 

deposited during the first c. 3.0 Ga of Earth’s sedimentary rock record, but common or dominant 30 

after the middle Paleozoic (mudrock defined lithologically; all rocks dominantly composed of 31 

detrital and weathered sedimentary grains, <= 0.063 mm (siltstone) (9)).  In Archean (4000-2500 32 

Ma) strata, the cumulative stratigraphic proportion of mudrock within alluvial strata ranges 33 

between 0-14% (median: 1.0%), whereas in Carboniferous (359-299 Ma) strata the range is 0-34 

90% (median: 26.2%) (Fig. 1D).  LOESS regression analysis of the data constrains the upsurge 35 

between the Late Ordovician and Devonian (458-359 Ma) (Fig. 1B), after which interval the 36 

range and average proportion of mudrock in alluvium never reverted to the same low values that 37 

characterised the first 3 Ga of Earth’s stratigraphic record. Subsampling of the data shows that, 38 

relative to Archean to Middle Ordovician (3500-458 Ma) values, the amount of mudrock was 1.1 39 

orders of magnitude greater in the Late Ordovician to Silurian (458-419 Ma), 1.3 in the Early to 40 

Middle Devonian (418-379 Ma), 1.45 in the Late Devonian to early Carboniferous (378-339 41 

Ma), and 1.75 in the middle to late Carboniferous (338-299 Ma) (Fig. 1C). 42 

This stratigraphically unidirectional upsurge in alluvial mudrock likely rules out a cause due to 43 

episodic or cyclic geological phenomena (such as tectonic or climatic controls) that persisted on 44 

the Earth throughout the Archean to Carboniferous (10, 11)  (Fig. S11).  The first 3 Ga of the 45 



interval we studied witnessed multiple alternations between icehouse and greenhouse conditions 46 

(12), the assembly of at least two supercontinents (13) and 16 known regional orogenies (14). 47 

None of these events had any apparent influence on the near-uniform global scarcity of preserved 48 

alluvial mudrock.  Similarly, the onset of the trend does not correlate with other prominent 49 

potential triggers in the geological record.  For example, it post-dates Paleoproterozoic 50 

oxygenation by at least 1640 Ma (15), Neoproterozoic oxygenation by 142 Ma (15) and the 51 

advent of microbial life on land by 2540 Ma (16), and may pre-date the increased survivorship of 52 

non-marine strata by up to 60 Ma (11, 17).  The systematic misidentification of pre-Ordovician 53 

mudrock as marine in previous studies is a potential source of uncontrolled bias in the study (11).  54 

However, by testing the data against various alternative hypotheses (11) (Figs S5-S8, S11-S13), 55 

we argue that the most plausible explanation is that pre-vegetation Earth had unique syn-56 

depositional controls on sedimentation, which discouraged the production or accumulation of 57 

alluvial mudrock.  The trend mirrors the fossil plant record (18-20) and the appearance of 58 

primitive plants would have introduced three mechanisms important for producing mudrock-rich 59 

alluvial strata.  Plants lead to an increased production of the directly-weathered fraction of fines 60 

(clays) (2, 18, 21-26).  They also increase retention of all (weathered and detrital) fines in 61 

continental deposystems, through binding (i.e., the fastening of masses of grains by plant parts 62 

such as roots) (25-26).  Finally, the process of baffling (i.e., the capture and forced deposition of 63 

grains from within a moving fluid passing over and around plant parts) also increases retention 64 

of all (weathered and detrital) fines in continental deposystems (27-28). 65 

Terrigenous fines are sourced into sedimentary systems through the mechanical mass 66 

wasting of chemical weathering profiles, supplying both weathered and detrital silt, mud and 67 

clay particles (21).  Land plants are not a necessary pre-requisite for the mechanical production 68 



of fines, and abiotic, microbial and fungal processes could all promote the silicate weathering of 69 

clays on pre-vegetation Earth (16, 18, 21, 29-30).  The presence of minor mudrock in alluvium of 70 

all ages demonstrates these alternative pathways (Fig. 1A), in addition to known terrigenous 71 

mudrocks from pre-vegetation lacustrine and marine facies.  However, land plants do promote 72 

the production of clay minerals and the depth of chemical weathering profiles by increasing 73 

atmosphere-substrate connectivity through rooting, the direct secretion of organic acids and 74 

chelates, and by developing symbiotic relationships which increase the capacity of 75 

Cyanobacteria and Fungi to dissolve soil grains (2, 18, 21-26).  The degree to which the earliest 76 

bryophyte-grade plants could have boosted silicate weathering (16, 22-23, 31-32) remains a point 77 

of debate, but a clear global intensification followed the evolution of a deeper-rooted Devonian 78 

flora (18, 22, 24-25). The initial range expansion of mudrock proportions in the Ordovician-79 

Silurian (Fig. 1B) suggests that even the earliest plants played some role in promoting mudrock 80 

in alluvium (26), before the dramatic rise seen after the Devonian evolution of rooting.  81 

However, even if the earliest bryophytes increased weathering, net production alone may not 82 

account for the trend.  In limited instances where mudrock type has previously been 83 

distinguished, siltstone abundance exhibits the same unidirectional trend as mudstone, claystone 84 

and shale abundance (11) (Fig. S2), suggesting that even fines with a greater (though not 85 

exclusive) propensity to have been abiotically/mechanically-generated (i.e., siltstones) (21) are 86 

diminished in pre-vegetation alluvium. 87 

Prior to vegetation, continents were colonized by microbial mats (16), but the lack of below-88 

ground structure to these communities meant that they were prone to undercutting and reworking 89 

by fluvial channels, so had a negligible effect on the retention of sediment (33).  In contrast, the 90 

establishment of root systems offered novel mechanical protection against the erosion of 91 



sediment in alluvial settings (23, 25) and would thus have promoted the physical retention of 92 

clay, mud and silt. This importance of below-ground stabilization would clearly have played 93 

some role in the major Devonian upsurge in mudrock, but the root systems of earlier land plants 94 

were limited (18, 23), so this is an unlikely explanation for observed mud-rich Ordovician and 95 

Silurian formations.  96 

The above-ground structures of even shallow-rooted and small-stature vegetation today can 97 

reduce near-surface flow of water and wind below a critical velocity that promotes sediment 98 

deposition (27-28). Observations of mosses and liverworts show effective trapping of individual 99 

fine grains between their stems, leaves and thalli, incorporating sediment into cryptogramic 100 

ground covers (26).  Even though direct physiological analogy between modern and early land 101 

plants may be inappropriate (18), the earliest above-ground plant structures must have introduced 102 

a wholly unprecedented biological component of roughness to the Earth’s surface.  This suggests 103 

a large role for baffling by even primitive above-ground plant constructions, promoting the 104 

recurrence frequency of deposition of fines in the alluvial realm, and contributing to the mudrock 105 

increase. 106 

The Paleozoic increase in alluvial mudrock is an important characteristic of the global 107 

sedimentary geological record.  The timing with the appearance of plants is unlikely to be a 108 

coincidence as plants can greatly contribute to the development and retention of alluvial 109 

mudrocks.  The source-to-sink deposition of pre-vegetation mud was thus profoundly different to 110 

that seen at the present day (34). On pre-vegetation Earth, all fines had limited potential for final 111 

(preserved) deposition within continental conduits, regardless of any non-vegetation related 112 

variations in chemical weathering intensity (29-30, 35) or sediment flux (36).  Archean to Middle 113 

Ordovician marine settings would have received a generally greater flux of whatever terrigenous 114 



fines were being produced in continental source areas.  After the Late Ordovician, and 115 

accentuated after the Devonian, an increasing proportion of terrigenous fines were both 1) 116 

produced and/or 2) retained on the continents: thus the marine realm may have received 117 

diminished fraction of total continentally-weathered fines.  Yet this need not necessarily have 118 

equated to a diminished volume because net production at source would have been greater. A 119 

fuller understanding of mudrock in the absence of vegetation is prerequisite for any studies that 120 

invoke ancient terrestrial mudrock strata as a primary archive of geochemical or petrological 121 

data, and will have implications for the context and nature of mudrocks increasingly known from 122 

non-vegetated planets such as Mars (8, 37).   123 
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 282 

Fig. 1. Range and maximum proportion of mudrock in alluvial successions increases 283 

dramatically after the evolution of vegetation. Proportion of mudrock within alluvial 284 

successions (% of vertical stratigraphic thickness) plotted against geologic age (x-axis scaled to 285 

numerical ages – start of intervals based on the GTS2012: Archean [4000 Ma], Paleoproterozoic 286 

[2500 Ma], Mesoproterozoic [1600 Ma], Neoproterozoic [1000 Ma], Cambrian [541.0 Ma], 287 

Ordovician [485.4 Ma], Silurian [443.8 Ma], Devonian [419.2 Ma], Carboniferous [358.9 Ma], 288 

Permian [298.9 Ma]).  A) Each individual plot records one of the known 594 alluvial 289 

stratigraphic units deposited during this interval. Long-dashed line = 10%; Short-dashed line = 290 

2%.  B) Enlarged plot for the Phanerozoic with LOESS regression line (solid grey line). LOESS 291 

was conducted with a smoothing parameter of 0.9.  C) Proportion of mudrock corrected for 292 

variation in sampling intensity by subsampling. Each individual plot represents the median value 293 



seen across 100 individual subsampling trials (see supplementary materials for methodology). D) 294 

Median, range, upper quartile and lower quartile of mudrock proportion for each interval. 295 
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Materials and Methods 

1.1 Database construction 

The data presented was quantified from a database of alluvial formations, compiled from 
a survey of published literature and original fieldwork at 125 sites (Table S1).  To the 
extent that could be ascertained by the authors (from primarily English-language 
publications), these formations comprise the complete Archean to Carboniferous alluvial 
record of Earth.  The compilation was initiated using the internet search engines ISI Web 
of Science (38), GeoRef (39), and Google Scholar (40), using the search terms “fluvial” 
and “alluvial” in conjunction with both extant and outdated, global and regional 
stratigraphic terms in both British and American English (e.g., “Paleoproterozoic”, 
“Palaeoproterozoic”, “Carboniferous”, “Pennsylvanian”), with the primary search made 
in March 2015. The dataset was later expanded utilizing references cited within these 
results, new publications, and by incorporating conference abstracts, regional 
guidebooks, geological survey reports, and PhD and Masters theses where these could be 
identified or were already known to the present authors. The method has ensured that any 
unit in the database has previously been interpreted, from its sedimentary character, to 
represent an alluvial sedimentary deposit.  Note that the search was not undertaken on 
lithological grounds and terms such as ‘Sandstone’ or ‘Quartzite’ are only listed in the 
database where these are local names for lithostratigraphic units (i.e., metasedimentary 
units were also included in the database, but only if their depositional environment had 
previously been interpreted; e.g., “60. Baraboo Quartzite”). 

The survey yielded 1196 original publications of relevance, which were each individually 
data-mined for information on mudrock proportion.  The formations cited in these were 
grouped or subdivided into the most recently used or formal stratigraphic nomenclature, 
where known, with particular use made of the online stratigraphic lexicons of the UK 
(41), USA (42), Canada (43) and Australia (44).  For comparability, the ages of the units 
were translated onto the GTS2012 geological timescale (45) and, when plotting mudrock 
percentage for a particular formation, the mean age of the formation was used (e.g., “230. 
Freda Sandstone” has a proposed age of 982-1042 Ma [see Table S1], so was plotted as 
1012 Ma).   

The process yielded 704 individual alluvial formations (see supplementary Mudrock 
Database), of which 594 contained sufficient data on mudrock content to construct the 
graphs in Figure 1. 

Formations were considered to have an alluvial origin on the sole basis of the 
interpretation by the authors of original publications (see Section 2.3).  To mitigate the 
problem of previous misinterpretation, the formation datapoints were individually 
subjected to further scrutiny.  Where any given stratigraphic formation was composed of 
the facies of multiple environments, we refer only to the alluvial facies of that unit.   

 
 
1.2. Assessing mudrock abundance 
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The abundance of mudrock was assessed by measuring the stratigraphic thickness of the 
lithology, relative to coarser sediment fractions within each alluvial formation. For 
published data, where the proportional thickness was explicitly recorded by the original 
authors this information was used.  If the original authors gave a range of mudrock values, 
the average value was used.  In other instances, such data was not noted, but the 
presentation of stratigraphic logs enabled the proportion to be calculated by our own direct 
measurement of the thicknesses of different strata.  For 110 of the 704 total formations, 
retrieving any value of mudrock percentage was not possible. For datapoints derived from 
original fieldwork, the proportion of mudrock was calculated directly at outcrop by the 
present authors (Fig. S1): although there were instances where mudrock type could not be 
discerned from field observations.   

The abundance estimates are made using stratigraphic thickness because such information 
is readily retrievable from published data and in the field.  The stratigraphic thickness of 
mudrock refers to the relative proportion of mudrock at a point locality (e.g., as exposed in 
outcrop or core).  It differs from volumetric data, but is more accurate for the present study 
for the following reasons: 1) While volume is ultimately the desired value which we seek, 
it cannot be directly measured in the same way as stratigraphic thickness.  Volumetric data 
is estimated, primarily calculated using outcrop data (e.g., the areal extent of a mapped 
lithologic unit, combined with tectonic dip (17, 46)).  Subsurface variation in mudrock 
content cannot be addressed using either volume estimates or thickness measurements; 
however, the latter provides true data in the form of random sampling of points within a 
volumetric succession (i.e., those parts of the succession which happen to be exposed); 2)  
Thickness can be directly corrected for tectonic tilt; 3) It is important to note that the values 
presented are cumulative: that is, without exception in all 704 formations, there was no 
direct segregation of mudrock and coarser sedimentary lithologies.  For example, a 100 
metre thick succession with 50% mudrock would never be 50 metres of sandstone followed 
by 50 metres of mudrock, but rather alternating and repeating sandstone and mudrock 
layers on a cm- to m-scale.  Resolving such fine detail is only possible through 
measurement from stratigraphic sections and cannot be achieved using coarser datasets 
such as geologic maps (The alternating nature of such heterolithic strata also mitigates 
against issues of suspected preferential erosion of mudrock strata in that lithified mudrock 
cannot be surgically extracted from between sandstone layers whilst retaining the integrity 
of a stratigraphic exposure – see later); and 4) Mudrock strata undergo greater post-
depositional compaction than coarser sedimentary rocks.  However, it is inconsequential 
that thicknesses of mudrock strata do not reflect original thicknesses of mud accumulation.  
Strata of Archean to Carboniferous age are all fully lithified, and comparison of the 
proportion of mudrock strata relative to coarser sediment is an accurate proxy for 
understanding relative mudrock abundance. 

The term ‘mudrock’ is used here as an umbrella grouping of multiple distinct types of fine-
grained sediment (< 62.5 µm grains: mudstone, siltstone, claystone, shale).  Individual 
types of mudrock are variably defined based upon grain-size and fissility and are not 
necessarily mutually exclusive (e.g., a mudrock could be both a shale and a mudstone, or 
both a shale and a claystone) (9, 47).  Additionally, the accurate classification of mudrock 
type is often not possible in hand specimen and requires additional petrographic analyses.  
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In the studies used to compile the database, the classification of mudrock type was made 
to widely different levels of accuracy, depending on the individual scientific remit of any 
one original publication.  As such, mudrock terminology (mudrock, mudstone, siltstone, 
claystone, shale) is reported here in accordance with the usage of the original authors, and 
no interpretive grouping of terms was undertaken, in order to mitigate misinterpretation. 
For this reason, the trends in mudrock proportion as a whole are likely to be more accurate 
than for individual mudrock types (which may originally have been diagnosed with varying 
degrees of certainty).  Figure S2 shows the datapoints used in Figure 1A, colour-coded as 
per original rock type descriptions. Although, there was insufficient published data to 
further subdivide the datapoints (e.g., in terms of clay mineralogy (2)), the figure shows 
the average proportion of siltstone versus other mudrock types.  Siltstones are more readily 
differentiated in hand specimen, so reports of this lithology were more numerous than for 
other mudrocks and their trends more amenable to closer scrutiny.  Additionally, siltstones 
have the potential to comprise a sizeable fraction of mechanically-generated fines, so the 
fact that they show the same trend as other mudrocks, which may have a larger component 
of chemically-weathered fines, suggests that clay production alone cannot account for the 
trend, and that there was an element of physical retention that prevented winnowing of 
fines from continents (48-49).  We emphasise that not all siltstones are mechanically-
generated and not all finer mudrocks are chemically-weathered, so the veracity of this 
interpretation of the trend is open to more refined investigation. 

1.3. Mitigation against geographic bias 

Geographic bias could skew observed trends if particular paleo-tectonic or -climatic 
settings were over-represented.  However, this is not considered a problem within the 
dataset. Although North American and European case studies dominate our (predominantly 
English-language) survey, the survey has global coverage (Fig. S3) and data from every 
modern continent are represented in the study; North America (n = 262, 37.3%); Europe 
(n = 195, 27.7%); Asia (n = 65, 9.2%); Africa (n = 80, 11.3%); Australia (n = 56, 8.0%); 
South America (n = 41, 5.8%); Antarctica (n = 5, 0.7%). Additionally, Figure S4 shows 
that the same trend is apparent even when North American and European datapoints are 
removed from the plot.  
 
A lack of studies or published data for certain regions (e.g., central Africa) is a natural 
limitation of the project, but near-global coverage of the existing data mitigates against the 
likelihood that these regions contain any unique signatures that would skew observed 
trends if they were available for inclusion. Further, plate tectonic realignment of the 
continents since the deposition of the different formations means that the paleogeographic 
spread of datapoints is substantially more global for any given interval than is apparent 
from the modern geographic spread.  
 
 
 
2. Elimination of hypothesized non-vegetation causes for the trend 

The observed trend, of increasing alluvial mudrock proportion within younger strata, could 
abductively be explained by (1) syn-depositional basin space controls on mudrock 
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accumulation; (2) post-depositional attrition and erosion of older mudrock; (3) 
misidentification of mudrock-rich alluvial successions in older strata; or (4) tectonic or 
climatic controls.  These four hypotheses have been tested and rejected, for the reasons 
outlined in the following sections (2.1-2.4). 

2.1. Rejection of basinal causes for the trend 

There is a superficial similarity between the observed decrease in mudrock as a fraction of 
total alluvial sedimentary rock volume, and the recently quantified decline in total non-
marine sedimentary rock volume with time (17).  The superficiality of this trend becomes 
immediately apparent when our plot is inverted to show the proportion of non-mudrock 
sedimentary strata in alluvium, and thus shows no positive correlation with total non-
marine sedimentary rock volume (Fig. S5). 

As a quantification of vertical stratigraphic proportions, rather than bulk volume, the plot 
is thus wholly different in nature to plots that consider the aerial coverage of sedimentary 
strata (i.e., as determined from geological maps) as a proxy for the amount of sedimentary 
rock for a given interval (17).  While intensive (proportion) and extensive (volume) 
properties of the geological record are not directly comparable, there is a chance that they 
share a common cause.  Studies of non-marine sedimentary rock volume have ascribed an 
early Palaeozoic increase to major changes in accommodation space on the continents (17).  
If the proportion of mudrock had the same underlying cause, then it should be expected to 
mirror the trends seen in total sedimentary rock volume: however, Figure S6 shows that it 
does not.  The proportion of mudrock remains minimal throughout the Precambrian, even 
during intervals where total rock volume spikes to levels analogous to post-vegetation 
intervals (e.g., intervals of the alter Neoproterozoic have amounts of rock volume 
comparable to or greater than at the Silurian-Devonian transition, yet mudrock is 
significantly more abundant during the latter interval). Furthermore, the onset of increasing 
sedimentary rock volume is considerably delayed from the onset of the mudrock rise (Fig. 
S6). The amount of mudrock as a proportion exhibits a diminishment in the latest 
Carboniferous (Fig. S6C), which partly mirrors the rock volume trend: suggesting that 
accommodation space could potentially play a role in mudrock content during this interval, 
but that it is clearly a subservient control to that which triggered the onset of the mudrock 
rise (Fig. S6B). 

Finally, the argument that limited basin extent discourages mudrock accumulation in the 
alluvial realm, and that this explains the observed trend, relies on a model that all fluvial 
systems bypass sediment during low accommodation conditions.  The veracity of this 
contention requires: 1) Persistent and global low accommodation for the c. 3.0 Ga duration 
of the Archean through to at least the Ordovician; and 2) The assumption that the net 
sedimentary product of all of the world’s rivers (at any given interval of Earth history) is 
analogous to that seen in an individual, distributive (50), fluvial system at the present day. 
The first of these requirements alone is considered unlikely enough that accommodation 
space cannot be a cause of the trend (discussed further in Section 2.4.).  The likelihood of 
the second contention cannot currently be assessed because of the limited data that exists 
to support it, but it should be noted that not all alluvium preserved in the rock record is the 
product of distributive fluvial systems (51) and that the argument that low accommodation 
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means less mudrock need not apply to those datapoints which record the alluvium of 
tributive and other systems. 

2.2. Rejection of attrition and erosion as a cause for the trend 

The amount of preserved non-marine sedimentary rock generally diminishes further back 
in geological time (17, 52), and the stratigraphic record is biased to sediment that 
accumulated in basins (53), but preservation bias cannot explain the observed trends.  There 
is no logical reason why bulk post-depositional attrition would preferentially affect 
mudrock strata, especially within heterolithic successions, because controls such as out-of-
basin erosion and tectonic recycling should affect all lithologies with an equal likelihood.  
In respect to such attrition, while the deep time mudrock record is undisputedly incomplete, 
the record of coarser-grained sedimentary rocks should be equally incomplete; rendering a 
null effect on the inclusive values discussed here. It is therefore highly unlikely that random 
attrition led to the observed trend (i.e., no units between 3500-411 Ma containing >15% 
mudrock).   

We formally evaluate this likelihood using cumulative frequency plots. We have 
constructed cumulative frequency vs. time plots by cumulatively summing the mudrock 
fraction of each sample and dividing by the total mudrock fraction (Fig. S7, Fig. S8); in 
this way, the cumulative frequency is 0 before the first sample at 3.5 Ga and is 1 by the end 
of the Carboniferous, with the structure both reflecting how samples are distributed in time 
and their mudrock content. By then constructing synthetic cumulative frequency plots, 
based on the random sampling of the 400-300 Ma sample population (the most well 
represented 100 Myr interval), we can test the observed data distribution against null 
hypotheses.  

Two null hypotheses were compared with the actual distribution of data, with synthetic 
data calculated 100 times for each, following the Monte Carlo Method (54): 1) A scenario 
where mudrock percentage follows a normal distribution, using mean and standard 
deviation values calculated from the entire dataset (Precambrian and Phanerozoic) (Fig. 
S7A); and 2) A scenario where mudrock percentage follows a normal distribution, using 
mean and standard deviation values calculated from Phanerozoic values only (Figure S7B, 
Figure S8). The first test illustrates the likelihood of the actual distribution of data arising 
by chance. By being restricted to the well-populated key interval of change, the second test 
assesses the likelihood of progressively decreased sampling deeper into geological time 
having affected the observed mudrock distribution. None of the synthetic profiles presented 
in Figure S7 and Figure S8 demonstrate either: 1) Very small cumulative mudrock values 
(<0.075) between 3500 Ma – 500 Ma; or 2) A sharp increase in cumulative mudrock values 
timed approximately with the first appearance of land plants. This demonstrates that the 
sharp increase in post-Devonian mudrock fraction is not an attrition artefact, as no synthetic 
distributions reproduce the trend. 

To quantitatively test similarity of the synthetic and real cumulative frequency distributions 
the Kolmogorov-Smirnov test was used. The Kolmogorov–Smirnov statistic, d(K–S) (the 
maximum in separation between cumulative frequency curves), assesses cumulative 
distributions for similarity (55), with smaller d(K–S) values indicating more similar 
distributions. Both scenarios returned large d(k-s) values (scenario 1 = 0.541933 [Fig. 
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S7A], scenario 2 = 0.540084 [Fig. S7B]), thus emphasizing the dissimilarity between the 
actual and synthetic distributions. Furthermore, d(k-s) is far greater than the critical value 
in both instances (dcrit = 0.068514, α = 0.01), indicating that the null hypotheses can be 
rejected with a confidence level significantly greater than 99.9%. The d(k-s) value for the 
Phanerozoic only plot (Fig. S8) also exceeded dcrit (0.214981 and 0.097937 respectively), 
further emphasizing the validity of the observed mudrock distribution. 

The erodibility of mudrock is also ruled out as an explanation.  Mudrocks may be more 
susceptible to modern erosion and weathering from outcrop than coarser-grained 
sedimentary rocks, due to internal fissility and mechanical weaknesses.  However, this 
study compares rock with rock: post-lithification, there is no reason why a Precambrian 
mudrock should be any more or less susceptible to modern erosion than a Phanerozoic 
mudrock and each dataset should be equally prone to this depleting effect.  Precambrian 
mudrocks, being older and therefore subject to a potentially greater array of burial/heating 
events, may in fact be suspected to be less prone to erosion as metasedimentary mudrocks 
are often mechanically stronger than ‘fresh’ mudrock. Additionally, the heterolithic and 
interbedded nature of mudrock and sandstone means that it is not possible to surgically 
remove only mudrock, despite its greater erodibility, even during those syn-depositional 
erosion events that excise large parts of the stratigraphic record (52). 

Where exposed on Earth’s surface today, sandstone-dominated successions tend to form 
cliffs (more amenable to geological investigation), whereas erodible mud-rich successions 
are more likely to be hidden by soil and talus. Thus, there is an inherent observation bias 
in favour of sandstone-dominated strata in outcrop investigation. However, this 
observation bias is again uniform across the entire geological record (certainly so for fully 
lithified ancient strata of Precambrian through Carboniferous age) and so cannot detract 
from the validity of the mudrock upsurge presented in Figure 1.  

2.3. Rejection of observer bias as a cause for the trend 

The holistic approach that has been employed negates, to the maximum extent possible, 
issues of sampling bias.  As it encompasses all possible datapoints, the trend accurately 
represents what is preserved in the global rock record, as is currently known. Subsampling 
of the data was used to remove any concern that uneven sampling for different time 
intervals may have biased the data (Fig. 1C). A random subset of the available dataset is 
drawn until each interval, called a sampling bin, includes the same estimated number of 
datapoints (56). The dataset was split into 30 sampling bins separated at 100 million year 
intervals from 3500-700 Ma, and then at 40 million year intervals from 699-299 million 
years ago. These intervals were chosen as they provide great enough temporal resolution 
to ensure each key interval in the Phanerozoic is represented, whilst ensuring each 
sampling bin contains enough original data on mudrock proportion to randomly draw from. 
125 data points were randomly drawn from the original data for each sampling bin. This 
process was repeated 100 times to obtain averages. In figure 1C, each datapoint represents 
the median value seen across the 100 individual subsampling trials. In addition to 
correcting for variation in sampling intensity, subsampling enables the order of magnitude 
increase in mudrock proportion for each key interval to be calculated (see main text). 
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An alternative method for validating the global mudrock abundance time series is to use a 
hypergeometric distribution based on the null hypothesis that the spread of datapoints from 
the interval preceding root evolution was originally the same as the post-root interval (411-
300 Ma), and that the observation of a mudrock-deficient older alluvial record is a bias 
effect of random sampling. Hypergeometric distributions perform sampling without 
replacement, and therefore can determine the likelihood of drawing a particular set of 
samples from an underlying population.  In the case of our global record of mudrock 
abundances, for the null hypothesis to be true requires that 366 draws (the number of 
observed datapoints pre-dating root evolution (20)) from the true distribution are made.  
Assuming that the population of the 411-300 Ma bin is reflective of the ‘true’ distribution, 
the 28 preceding bins (each of 111 Ma duration) can be scaled to contain a population of 
6200 samples, of which 3565 should contain > 15% mudrock.  The probability that none 
of these 3565 hypothetical samples were drawn in 366 draws from the hypothetical pool 
of 6200 (due to sampling) is less than 30-164. The observed mudrock proportion trend is 
thus statistically sound. 

The misidentification of mudrock-rich alluvial strata as being of a marine origin in older 
units may reasonably be expected to have biased the observed trend. Alluvium may be 
identified through the physical sedimentary characteristics of a rock unit, including 
palaeocurrent variance and sedimentary architecture (57-58).  Notwithstanding this, there 
are instances in which it may be problematic to conclusively distinguish alluvial strata from 
marine strata, particularly in the Precambrian.  We cannot account for instances where 
previous authors have misinterpreted strata based on limited and non-diagnostic criteria 
(e.g., using an abundance of cross-bedded sandstones to declare a unit ‘fluvial’).  The 
strength of the observed trend would require that the misidentification of alluvial strata was 
an endemic problem to a significant fraction of the studies of 383 pre-Ordovician units, 
carried out over the last c.70 years, as cited in the database, but could be a source of 
uncontrolled bias.  However, there are five reasons why the effects of any such bias may 
be minimal: 1) Our own investigations of 18% of the units (n = 125) suggest that the 
majority of interpretations of an alluvial origin are accurate.  Ground-truthing of these units 
was undertaken using standard sedimentary geological field techniques (e.g., stratigraphic 
logging, architectural analysis). The trend from Figure 1 remains apparent when the plot is 
reconstructed using only those formations which we have ground-truthed (Fig. S9). 2) The 
Ordovician-Devonian upsurge in preserved mudrock post-dates the evolution of abundant 
marine shelly fossils and bioturbation in the Cambrian.  For this latter interval, 
paleontological and ichnological data reduce the risk of inaccurately discerning marine and 
alluvial strata and yet alluvial mudrock remains minimal, and analogous to preceded 
Precambrian periods, during this interval (Fig. 1B); 3) 52% of the formations in the 
database are known from multiple papers by different authors: the likelihood of multiple 
sets of authors making the same erroneous conclusion is more limited than for those studies 
that involve only one previous study; 4) The majority of studies were undertaken 
specifically as sedimentary geology studies, with the express intent of understanding 
paleoenvironment.  Researchers within this field of expertise are less likely to have made 
simplistic assumptions (e.g., trough cross-bedding = fluvial) than non-specialist 
researchers, as multiple lines of sedimentological evidence exist to identify marine strata, 
with or without the presence of paleontological information (i.e., through an assessment of 
the balance and combination of sedimentary characteristics including paleocurrent 
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variance and sedimentary architecture (57-60) (Fig. S10)); and 5) The issue of 
misidentification would only negate the observed trend if certain (mud-rich) pre-vegetation 
fluvial strata have been misidentified as marine and therefore missed during our data 
collection: if the converse is true, whereby some marine strata have been interpreted as 
fluvial, this makes no material difference to the data set - it might contain some ‘false’ 
datapoints (most likely in older strata lacking fossil evidence), but does not affect the trend.  
In the authors direct experience of fieldwork and study of >20 pre-vegetation successions 
previously described as marine in origin, we have previously encountered no instances 
where strata exhibiting diagnostic fluvial characteristics have previously been 
misidentified as marine.  
 
2.4. Rejection of cyclic allogenic forces as a cause for the trend 
 
The statistical tests used to mitigate against attrition as a cause for the trend (Section 2.2) 
suggest that the trend marks a stratigraphically unidirectional shift of increasing alluvial 
mudrock, which is thus not readily explainable as having been forced by those cyclic 
geological phenomena that were continually in operation prior to the onset of the trend 
(Fig. S11). 

Modern-style plate tectonics are known to have been continuously active since at least 
1830 Ma (61), and sea-level and climate fluctuations were continually operational across 
the entire 3200 Ma study interval. None of these can account for the stratigraphically 
unidirectional nature of the onset of the observed trend.  Even accounting for the high sea-
levels and orogenic basins in the Devonian (which may have been more amenable to 
mudrock accumulation), the absence of earlier mudrock spikes suggest that a unidirectional 
change to the Earth system is required in addition to any tectonic/climate/sea-level controls 
(12). Numerous Precambrian supercontinents are known (13), as well as at least 16 pre-
Ordovician orogenies (14), which should be expected to have contributed to earlier spikes, 
yet our directly observed data (Section 2.3) and statistical tests (Section 2.2) demonstrate 
that it is highly unlikely that such spikes previously existed but were later eroded.   

Whilst cyclical phenomena undoubtedly have an effect on the preserved global alluvial 
record, the variation in mudrock abundance that these induce can only be directly compared 
in similarly aged intervals (i.e., not between pre- and post-vegetation evolution intervals).  
For example, in rocks of a common age, before and after the Ordovician, alluvial mudrock 
is more abundant in strata deposited adjacent to active orogenic belts than in strata 
deposited away from active orogenies.  However, mudrock deposited adjacent to active 
orogenic belts prior to the evolution of land plants is significantly less abundant than 
mudrock deposited away from orogenies after the evolution of land plants (Fig. S12).  
Climatically, there is little discernible correlation between global alluvial mudrock 
proportion and the presence or absence of polar glaciations (Fig. S13), yet both glacial and 
non-glacial intervals are markedly more mud-rich during post-vegetation icehouse 
conditions (e.g., the late Carboniferous) than they are during pre-vegetation icehouse 
conditions (e.g., the Cryogenian).  

2.5. The timing of the greening of the continents and the onset of increased alluvial 
mudrock abundance 
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The unidirectional onset, and progressive nature, of the increase in mudrock abundance 
does show strong correlation with the fossil plant record (18-20) (Fig. S11B). The studied 
interval can be divided into three parts. 1) Pre-vegetation. The average proportion of 
mudrock in alluvial successions is 1.3% across all Archean to Early Ordovician formations 
(n=348), and only 11.2% of the formations contain greater than 2% mudrock strata. 2) 
Primitive vegetation. The average proportion of mudrock in alluvial successions is 15.4% 
for Middle Ordovician to Silurian formations (n=30), post-dating the evolution of the 
earliest land plants (19), and 53.0% of these formations contain greater than 2% mudrock. 
3) Post-rooting. The average proportion of mudrock in alluvial successions is 29.9% for 
formations deposited after the Early Devonian evolution of rooting (20) (n=216),  where 
78.6% of units contain greater than 2% mudrock, and 27.9% of alluvial units are dominated 
by mudrock (50-95% proportion) over coarser-grained sedimentary strata. With current 
knowledge, the only primary unidirectional global change associated with the two 
accelerations of alluvial mudrock abundance (Late Ordovician and Devonian) is vegetation 
evolution (the first land plants and rooting, respectively).  We emphasise that this 
correlation is made with the tangible plant fossil record. As noted by other researchers (18), 
there presently exist a multitude of hypotheses regarding the timing of land plant 
colonization of the continents, made using secondary or derived datasets.  For example: 
paleoweathering surfaces have been used to suggest limited greening of the continents in 
the Ordovician and Silurian (62); clay minerals have been used to suggest a late 
Precambrian greening of the continents (30); oxygen isotope signals in marine carbonates, 
and numerical modelling, have been used to suggest Ordovician greening (21); weathering 
models based on modern plant weathering suggest major Devonian greening (63) 

(enigmatically preceding the Carboniferous expansion of forests (18)); and molecular clock 
data postulate a minimum Cambrian origin for land plants (64). Clearly, all of these 
hypotheses are mutually-exclusive (18), and a fuller understanding of the timing of the 
greening of the continents requires more than one derived source of interpreted data.  

We note that (1) our observations of mudrock increase are closely linked to the undisputed 
land plant fossil record, (2) cannot be reasonably explained by the most likely alternative 
hypotheses considered (Sections 2.1-2.4.) and (3) that multiple mechanisms, as seen in 
modern vegetation, are known to promote mud production and deposition, and that these 
were absent from the Earth surface prior to Palaeozoic evolutionary innovations. In light 
of these factors, it is reasonable to infer plant-related causes as the best explanation for the 
outcome preserved in the global rock record (i.e., a shift in mudrock abundance throughout 
the Palaeozoic; see discussion in main text).  The tangible shift in the character of the 
alluvial mudrock record may thus be of potential use in the calibration of other derived 
estimates of the greening of the continents. 
 
Cumulative mudrock proportions binned into 100 Myr intervals visually demonstrate how 
the increase in mudrock proportion on land is broadly coeval with the paleobotanic record 
of land plant evolution, with intervals post-dating the first plant fossils showing overall 
trends closer to a normal distribution than those pre-dating the first plant fossils (Fig. S14). 
Similarly, Figure S15 illustrates the abrupt increase in the frequency of alluvial formations 
containing >2% mudrock percentage after the evolution of land plants, as evidenced in the 
fossil record.  



 
 

11 
 

An alternative hypothesis may be entertained in which the onset of the mudrock trend is 
due to an external trigger not known or not thought about in the preceding sections, and 
that land plants actually evolved in response to the increase of mud on the continents.  In 
other words, that their evolution was encouraged by their active exploitation of continents 
on which sediment and water were more efficiently trapped.  We suggest that this 
hypothesis is unlikely because: 1) to our knowledge, there are few unidirectional changes 
to the Earth system that have not been considered as a potential trigger; and 2) if floral 
terrestrialization had previously been impeded by unfavourable physical landscape 
conditions, it would be expected that plant-like photosynthetic terrestrial organisms 
underwent a polyphyletic radiation once the ideal conditions had been met. However, the 
monophyly of land plants (65) attests against this, instead suggesting that the limiting 
factors for land plant colonization were intrinsic (i.e. the acquisition of novel 
developmental pathways involved in embryogenesis or organogenesis).   

3. Discussion of pre-Ordovician anomalies 

The figured plots show a few anomalous instances of high mudrock content within older 
strata.  In particular, only 5 pre-Middle Ordovician successions contain >10% mudrock.  
These anomalies may be genuine instances of high mud content in alluvial systems and so 
are included in our plots.  However, as seen in Figure 1C, isolated maximum reported 
mudrock values for a given interval may skew the data, when compared with the median 
and mean values for pre-Ordovician intervals.  For this reason, we specifically address the 
5 pre-vegetation, high-mudrock, anomalies below. We emphasise that a similar survey of 
all of the datapoints used would likely reveal a handful of other instances in which the 
reported mudrock values may be equally problematic, but as random checking of 
potentially erroneous datapoints has shown that they are unlikely to be so numerous to 
detract from the principal result of our analysis, we do not attempt to scrutinize the 
remaining 589 datapoints (shown in Figure 1) here. 

Anomaly 1: Neoarchean Renosterspruit Sandstone (3000-2800 Ma), South Africa, 
(“Shale” 14%). A braided alluvial depositional environment was suggested based on the 
interpretation of planar cross-bedded sandstones as accreting transverse bars (66).  
Mudrock occurs in beds <1.5 m-thick and the proportional value was calculated from a 25 
m thick measured stratigraphic section presented in the original publication (66).  However, 
it is unclear whether this illustrated section is typical of the entire 120 m-thick formation.  

Anomaly 2: Mesoproterozoic Kasama Fm (1434 Ma), Zambia (“Mudstone” 17%). 
Unfossiliferous cross-bedded sandstones and conglomerates have been described as 
channel bar deposits, and associated massive mudstones are described as floodplain and 
floodbasin deposits, but with no explanation detailed for these interpretations (67-68).  It 
was only possible to approximate mudrock proportion from 6 x 1:10,000 scale logs.  

Anomaly 3: Mesoproterozoic Outan Island Formation (1400 Ma), Canada (Mudrock 
[“Shale” and “Siltstone”] 14%). Alternating successions of massive and cross-stratified 
medium grained sandstones, minor conglomerates and thinly interlaminated mudstones, 
siltstones and fine-medium grained sandstones have been interpreted as channel and 
floodplain assemblages respectively (69). The formation is known from core records only, 



 
 

12 
 

lacking stratigraphic architectural data.  As such, the environmental interpretation may not 
be as robust as other case studies, while mudrock proportion is likely to be more accurate. 

Anomaly 4: Neoproterozoic Fatira El Zarqa Sequence (600-585 Ma), Egypt (“Mudstone” 
12%). Horizontally laminated mudstones (1-3 m thick) and fine-medium grained 
sandstones have been interpreted as overbank and “flood sheet” deposits based solely upon 
their association with each other (70). Mudrock value was calculated from a published, 
measured 30 m stratigraphic section, but no published data is available on the formation 
thickness or how representative the presented stratigraphic section is of the predominant 
facies.  

Anomaly 5: Ediacaran-Cambrian Seival Formation (566-535.2 Ma), Brazil (Mudrock 
[“Mudstone” and “Siltstone”] 11%). Unfossiliferous cross-bedded sandstones and 
conglomerates, and associated laminated siltstones, have been described as recording 
fluvial channels and overbank deposits floodplain deposits based on their lithology (71). 
Mudrock value was calculated from 7 illustrated stratigraphic logs, totalling 66 metres of 
section, but is unclear how many of these logs are from the same stratigraphic horizon, or 
how representative they are of the formations total 800 metre thickness. 
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Fig. S1.  

Outcrop extent of mudrock (highlighted yellow) in representative alluvial formations, 
shown at same scale.  A) Neoproterozoic Applecross Formation, Scotland.  Formation 
average mudrock = <1%; Global average pre-vegetation mudrock = 1.3%.  B) Late 
Ordovician Misty Point Formation, Newfoundland, Canada. Formation average mudrock 
= 13%; Global average primitive vegetation mudrock = 15.4%;  C)   Late Carboniferous 
Cape John Formation, Nova Scotia, Canada.  Formation average mudrock = 36%; Global 
average post-rooting mudrock = 29.9%.    
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Fig. S2 
A) Proportion of mudrock (differentiated by type) within alluvial successions of Archean 
to Carboniferous age. Each individual plot records one of the known 594 alluvial 
stratigraphic units deposited during this interval; B) Average plot of mudstone, claystone 
and shale calculated for each geological Eon (Archean), Era (Palaeoproterozoic to 
Neoproterozoic) and vegetation stage (4) (Cambrian to Carboniferous); C) Average plot 
of siltstone calculated for each geological Eon (Archean), Era (Palaeoproterozoic to 
Neoproterozoic) and vegetation stage (4) (Cambrian to Carboniferous).   
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Fig. S3 
Geographic distribution of case studies in supplementary Mudrock Database. 
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Fig. S4 
Proportion of mudrock within 207 alluvial successions of Archean to Carboniferous age 
(North American and European case studies omitted).  Each individual plot records one 
of the known alluvial stratigraphic units deposited during this interval.  Data plotted 
against paleobotanic evolutionary events (see Figure S11B).   
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Fig. S5 
Proportion of non-mudrock sedimentary strata within alluvial successions of 
Neoproterozoic to Carboniferous age. Each individual plot records one of the known 367 
alluvial stratigraphic units deposited during this interval. 
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Fig. S6 
Black line: Average mudrock percentage within alluvial successions. Using the mudrock 
data compiled in the database, mudrock average is shown by Period  (Neoproterozoic 
(Tonian, Cryogenian, Ediacaran)), Epoch (Cambrian (Terreneuvian, Stage 2, Stage 3, 
Furongian), Ordovician (Lower, Middle, Upper), Silurian (Llandovery, Wenlock, 
Ludlow, Pridoli) and Devonian (Lower, Middle, Upper)) and Stage (Carboniferous 
(Tournaisian, Visean, Serpukhovian, Bashkirian, Moscovian, Kasimovian, Gzhelian)) 
(44). Non-marine sedimentary rock volume in yellow (17). 
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Fig. S7 

Cumulative frequency plots comparing the actual distribution of data (red line), with 
synthetic data (n = 100) (grey lines) assuming the null hypothesis that mudrock 
distribution follows a normal distribution. A) Using the mean and standard deviation 
values of the entire database (Precambrian and Phanerozoic). B) Using the mean and 
standard deviation values of the Phanerozoic only. 
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Fig. S8 

Cumulative frequency plot comparing the actual distribution of data, with synthetic data 
(n = 100), assuming the null hypothesis that mudrock distribution follows a normal 
distribution across 3500-298.9 Ma (mean and standard deviation values of Phanerozoic 
case studies). 
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Fig. S9 

Proportion of mudrock within 125 directly-measured alluvial successions of Archean to 
Carboniferous age. 
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Fig. S10 

Example case study where marine and non-marine depositional environments could be 
interpreted through an assessment of the balance and combination of the sedimentary 
characteristics of the two formations.   
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Fig. S11 

Proportion of mudrock within alluvial successions of different ages with major episodic, 
cyclic and unidirectional changes in the Earth system shown.  A) Tectonic, climatic and 
atmospheric changes.  B) Paleobotanic changes. 
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Fig. S12 

Histograms comparing mudrock percentage in worldwide alluvium deposited during 
intervals of orogenic events. A) Affected (deposited neighbouring orogeny) and not 
affected (deposited away from orogeny) by the Grenvillian Orogeny (1100-900 Ma); B) 
Affected and not affected by the Caledonian/Acadian Orogeny (440-390 Ma). 



 
 

27 
 

 

Fig. S13 

Histogram plots comparing average mudrock percentage in worldwide alluvium. (A) 
Deposited during glacial intervals versus non-glacial intervals in the absence of land plants; 
(B) Deposited during glacial intervals versus non-glacial intervals in the presence of land 
plants. 
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Fig. S14 

Line graphs showing cumulative frequency and total mudrock percentage for each 100 
million year interval where there are 7 or more case studies. Two lines recording intervals 
after plant evolution (0.5-0.4 Ga and 0.4-0.3 Ga) distanced from earlier lines. 
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Fig. S15 (continued overleaf) 

Histograms showing the frequency of mudrock distributions of each 100 million year 
interval in the database.  Note increase in mudrock content during bin encompassing 
Ordovician and Silurian (400-500 Ma).
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Additiional Data (separate file) 

Table S1. Database of alluvial mudrock. Values highlighted in grey indicate mudrock 
proportion was calculated from published stratigraphic logs. 
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