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Abstract: Mudrocks are a primary archive of Earth historynirthe Archean to recent, and their
source-to-sink production and deposition playsrareérole in long-term ocean chemistry and
climate regulation. Using original and publishedggraphic data from all of Earth’s 704
Archean- (3.5 Ga) to Carboniferous- (0.3 Ga) adedial formations, we prove contentions of
an upsurge in the proportion of mud retained od lkezeval with vegetation evolution. We
constrain the onset of the upsurge to the Ordawi8igurian and show that alluvium contains on
average 1.4 orders of magnitude greater mudroek kitd plant evolution than it does in the
preceding 90% of Earth history. We attribute tiigtgo the ways in which vegetation

revolutionized mud production and sediment fluxriroontinental interiors.

Main Text: Earth’s stratigraphic record preserves a numbéeots in biogenic and
chemogenic sedimentary rock type through timeeogifig secular changes at the surface of the
planet(1). Siliciclastic sediments, primarily producedthg mechanical and chemical
breakdown of parent rock, do not have such firdeobiological controlsHowever, subtle
secular changes have been previously quantifietyding both clay mineral evolutigi2) and

(bio)geomorphic sedimentary structures and arctite¢3-5). In terms of bulk lithology, it is a
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long-held anecdotal contentig#, 6-8)that mudrock is rare in alluvium that was depabsgaor
to the evolution of land plants, but common thaexafWe quantitatively test this contention and
find it to be true, demonstrating the magnitude @mihg of onset of the increase, using data

recording the proportional thickness of mudrockwritalluvial stratigraphic sections (Fig. 1A).

Data were collated from a survey of Earth’'s 704glty-distributed Archean-Carboniferous
alluvial stratigraphic units, reduced and analyiseth 1196 published reports and 125 original
field investigations. They show that mudrock isegligible component of alluvial strata
deposited during the first c. 3.0 Ga of Earth’siseshtary rock record, but common or dominant
after the middle Paleozoic (mudrock defined litlgabally; all rocks dominantly composed of
detrital and weathered sedimentary grains, <= 0rB68(siltstone)9)). In Archean (4000-2500
Ma) strata, the cumulative stratigraphic proportddmudrock within alluvial strata ranges
between 0-14% (median: 1.0%), whereas in Carbanite(359-299 Ma) strata the range is 0-
90% (median: 26.2%) (Fig. 1D). LOESS regressiayais of the data constrains the upsurge
between the Late Ordovician and Devonian (458-3%9 (#ig. 1B), after which interval the
range and average proportion of mudrock in alluvhewver reverted to the same low values that
characterised the first 3 Ga of Earth’s stratigrepécord.Subsampling of the data shows that,
relative to Archean to Middle Ordovician (3500-498) values, the amount of mudrock was 1.1
orders of magnitude greater in the Late Ordovitm8ilurian (458-419 Ma), 1.3 in the Early to
Middle Devonian (418-379 Ma), 1.45 in the Late Defam to early Carboniferous (378-339

Ma), and 1.75 in the middle to late Carboniferdd®8t299 Ma) (Fig. 1C).

This stratigraphically unidirectional upsurge ituglal mudrock likely rules out a cause due to
episodic or cyclic geological phenomena (such e®iegc or climatic controls) that persisted on

the Earth throughout the Archean to Carboniferd@®s 11) (Fig. S11). The first 3 Ga of the
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interval we studied witnessed multiple alternatibeveen icehouse and greenhouse conditions
(12), the assembly of at least two supercontin€i@3and 16 known regional orogeni@st).

None of these events had any apparent influend¢beonear-uniform global scarcity of preserved
alluvial mudrock. Similarly, the onset of the tdethoes not correlate with other prominent
potential triggers in the geological record. Fearaple, it post-dates Paleoproterozoic
oxygenation by at least 1640 NIEB), Neoproterozoic oxygenation by 142 b)and the

advent of microbial life on land by 2540 MiE6), and may pre-date the increased survivorship of
non-marine strata by up to 60 NIEL, 17) The systematic misidentification of pre-Ordositi
mudrock as marine in previous studies is a potestiarce of uncontrolled bias in the study).
However, by testing the data against various at&re hypothese@l 1) (Figs S5-S8, S11-S13),
we argue that the most plausible explanation isgrexvegetation Earth had unique syn-
depositional controls on sedimentation, which disaged the production or accumulation of
alluvial mudrock. The trend mirrors the fossilmtiaecord(18-20)and the appearance of
primitive plants would have introduced three meda$rais important for producing mudrock-rich
alluvial strata. Plants lead to an increased prbdn of the directly-weathered fraction of fines
(clays)(2, 18, 21-26) They also increase retention of all (weatheratlgetrital) fines in
continental deposystems, through binding (i.e. félséening of masses of grains by plant parts
such as rootqR5-26) Finally, the process of baffling (i.e., the aaetand forced deposition of
grains from within a moving fluid passing over ardund plant parts) also increases retention

of all (weathered and detrital) fines in continél@posystemg27-28)

Terrigenous fines are sourced into sedimentaryesysthrough the mechanical mass
wasting of chemical weathering profiles, supplybaih weathered and detrital silt, mud and

clay particleq21). Land plants are not a necessary pre-requisitinéomechanical production
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of fines, and abiotic, microbial and fungal pro@sssould all promote the silicate weathering of
clays on pre-vegetation Earth6, 18, 21, 29-30) The presence of minor mudrock in alluvium of
all ages demonstrates these alternative pathwaysl(&), in addition to known terrigenous
mudrocks from pre-vegetation lacustrarel marine facies. However, land plants do promote
the production of clay minerals and the depth @&msital weathering profiles by increasing
atmosphere-substrate connectivity through rootimg direct secretion of organic acids and
chelates, and by developing symbiotic relationsiipgh increase the capacity of
Cyanobacteria and Fungi to dissolve soil gréhsl8, 21-26) The degree to which the earliest
bryophyte-grade plants could have boosted silia&@thering16, 22-23, 31-32)emains a point
of debate, but a clear global intensification falézl the evolution of a deeper-rooted Devonian
flora (18, 22, 24-25)The initial range expansion of mudrock proporsiamthe Ordovician-
Silurian (Fig. 1B) suggests that even the earpéstts played some role in promoting mudrock
in alluvium (26), before the dramatic rise seen after the Devoenatution of rooting.

However, even if the earliest bryophytes increagedthering, net production alone may not
account for the trend. In limited instances wharedrock type has previously been
distinguished, siltstone abundance exhibits theesamdirectional trend as mudstone, claystone
and shale abundan¢®l) (Fig. S2), suggesting that even fines with a gre@t®ugh not
exclusive) propensity to have been abiotically/nawtally-generated (i.e., siltstong2)) are

diminished in pre-vegetation alluvium.

Prior to vegetation, continents were colonized hgrabial matg16), but the lack of below-
ground structure to these communities meant tiegt wWere prone to undercutting and reworking
by fluvial channels, so had a negligible effectloa retention of sedimefi33). In contrast, the

establishment of root systems offered novel medahprotection against the erosion of
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sediment in alluvial setting23, 25)and would thus have promoted the physical retardfo

clay, mud and silt. This importance of below-growtabilization would clearly have played
some role in the major Devonian upsurge in mudrbakthe root systems of earlier land plants
were limited(18, 23) so this is an unlikely explanation for observaatdmnich Ordovician and

Silurian formations.

The above-ground structures of even shallow-roatetismall-stature vegetation today can
reduce near-surface flow of water and wind belawitécal velocity that promotes sediment
deposition(27-28) Observations of mosses and liverworts show etffe¢tapping of individual

fine grains between their stems, leaves and thatlgrporating sediment into cryptogramic
ground cover$26). Even though direct physiological analogy betwemdern and early land
plants may be inappropriat&8), the earliest above-ground plant structures masgt Iintroduced

a wholly unprecedented biological component of tmegs to the Earth’s surface. This suggests
a large role for baffling by even primitive abovesgnd plant constructions, promoting the
recurrence frequency of deposition of fines indhevial realm, and contributing to the mudrock

increase.

The Paleozoic increase in alluvial mudrock is apanant characteristic of the global
sedimentary geological record. The timing with éippearance of plants is unlikely to be a
coincidence as plants can greatly contribute taltheelopment and retention of alluvial
mudrocks. The source-to-sink deposition of preetation mud was thus profoundly different to
that seen at the present d&¢). On pre-vegetation Earth, all fines had limitedegmbial for final
(preserved) deposition within continental conduiglardless of any non-vegetation related
variations in chemical weathering intengi®®-30, 35)or sediment fluX36). Archean to Middle

Ordovician marine settings would have receivedreegaly greater flux of whatever terrigenous
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fines were being produced in continental sourcasardfter the Late Ordovician, and
accentuated after the Devonian, an increasing ptiopamf terrigenous fines were both 1)
produced and/or 2) retained on the continents: tineignarine realm may have received
diminished fraction of total continentally-weatheffines. Yet this need not necessarily have
equated to a diminished volume because net praduatisource would have been greater. A
fuller understanding of mudrock in the absenceenfetation is prerequisite for any studies that
invoke ancient terrestrial mudrock strata as a annarchive of geochemical or petrological
data, and will have implications for the contexd amature of mudrocks increasingly known from

non-vegetated planets such as M&s37)
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Fig. 1. Range and maximum proportion of mudrock in alluvial successions increases
dramatically after the evolution of vegetation. Proportion of mudrock within alluvial
successions (% of vertical stratigraphic thickngsfted against geologic age (x-axis scaled to
numerical ages — start of intervals based on th82612: Archean [4000 Ma], Paleoproterozoic
[2500 Ma], Mesoproterozoic [1600 Ma], NeoproterazdiO00 Ma], Cambrian [541.0 Ma],
Ordovician [485.4 Ma], Silurian [443.8 Ma], Devonif19.2 Ma], Carboniferous [358.9 Ma],
Permian [298.9 Ma]). A) Each individual plot redsrone of the known 594 alluvial
stratigraphic units deposited during this intentaing-dashed line = 10%; Short-dashed line =
2%. B) Enlarged plot for the Phanerozoic with LG&8gression line (solid grey line). LOESS
was conducted with a smoothing parameter of 0.)9PrGportion of mudrock corrected for

variation in sampling intensity by subsampling. Eaaividual plot represents the median value
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seen across 100 individual subsampling trials ¢sg@lementary materials for methodology). D)

Median, range, upper quartile and lower quartilenafirock proportion for each interval.
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Table S1 (Database)

Figures S1-S15
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Materials and M ethods

1.1 Database construction

The data presented was quantified from a dataldfas&uivial formations, compiled from

a survey of published literature and original fietk at 125 sites (Table S1). To the
extent that could be ascertained by the authaos(fsrimarily English-language
publications), these formations comprise the cotepdechean to Carboniferous alluvial
record of Earth. The compilation was initiatedngsihe internet search engines ISI Web
of Sciencq38), GeoRef(39), and Google Schol#40), using the search terms “fluvial”
and “alluvial” in conjunction with both extant andtdated, global and regional
stratigraphic terms in both British and Americargksh (e.g., “Paleoproterozoic”,
“Palaeoproterozoic”, “Carboniferous”, “Pennsylvatiia with the primary search made

in March 2015. The dataset was later expandeaiatjireferences cited within these
results, new publications, and by incorporatingfetence abstracts, regional
guidebooks, geological survey reports, and PhDNasters theses where these could be
identified or were already known to the presenharg. The method has ensured that any
unit in the database has previously been intergyétem its sedimentary character, to
represent an alluvial sedimentary deposit. N ttie search was not undertaken on
lithological grounds and terms such as ‘Sandston&uartzite’ are only listed in the
database where these are local names for lithmgarahic units (i.e., metasedimentary
units were also included in the database, but ibriheir depositional environment had
previously been interpreted; e.g., “60. Baraboor@ita”).

The survey yielded 1196 original publications déwance, which were each individually
data-mined for information on mudrock proportiofhe formations cited in these were
grouped or subdivided into the most recently usegdrmmnal stratigraphic nomenclature,
where known, with particular use made of the onsitratigraphic lexicons of the UK
(41), USA(42), Canadd43) and Australig44). For comparability, the ages of the units
were translated onto the GTS2012 geological timegda) and, when plotting mudrock
percentage for a particular formation, the meandaiglee formation was used (e.g., “230.
Freda Sandstone” has a proposed age of 982-1042add able S1], so was plotted as
1012 Ma).

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

Formations were considered to have an alluvialimiog the sole basis of the
interpretation by the authors of original publicats (see Section 2.3). To mitigate the
problem of previous misinterpretation, the formatdatapoints were individually
subjected to further scrutiny. Where any giveatgiraphic formation was composed of
the facies of multiple environments, we refer awlyhe alluvial facies of that unit.

1.2. Assessing mudrock abundance




The abundance of mudrock was assessed by measheirstyatigraphic thickness of the
lithology, relative to coarser sediment fractionghim each alluvial formation. For
published data, where the proportional thickness &plicitly recorded by the original
authors this information was used. If the origiaadhors gave a range of mudrock values,
the average value was used. In other instance$y data was not noted, but the
presentation of stratigraphic logs enabled the gmtagn to be calculated by our own direct
measurement of the thicknesses of different str&r. 110 of the 704 total formations,
retrieving any value of mudrock percentage waspessible. For datapoints derived from
original fieldwork, the proportion of mudrock waalculated directly at outcrop by the
present authors (Fig. S1): although there weraitgs where mudrock type could not be
discerned from field observations.

The abundance estimates are made using stratigrptkness because such information
is readily retrievable from published data andhe tield. The stratigraphic thickness of
mudrock refers to the relative proportion of mudkrata point locality (e.g., as exposed in
outcrop or core). It differs from volumetric dabayt is more accurate for the present study
for the following reasons: 1) While volume is uléitely the desired value which we seek,
it cannot be directly measured in the same wayrasgaphic thickness. Volumetric data
is estimated, primarily calculated using outcropad@.g., the areal extent of a mapped
lithologic unit, combined with tectonic difl7, 46). Subsurface variation in mudrock
content cannot be addressed using either volunmatst or thickness measurements;
however, the latter provides true data in the fofrmandom sampling of points within a
volumetric succession (i.e., those parts of thesssion which happen to be exposed); 2)
Thickness can be directly corrected for tectortic3) It is important to note that the values
presented are cumulative: that is, without exceptioall 704 formations, there was no
direct segregation of mudrock and coarser sedimetitaologies. For example, a 100
metre thick succession with 50% mudrock would néeeB0 metres of sandstone followed
by 50 metres of mudrock, but rather alternating esqkating sandstone and mudrock
layers on a cm- to m-scale. Resolving such fintidés only possible through
measurement from stratigraphic sections and cab@aichieved using coarser datasets
such as geologic maps (The alternating nature ci seterolithic strata also mitigates
against issues of suspected preferential erosiomudiock strata in that lithified mudrock
cannot be surgically extracted from between sanedimyers whilst retaining the integrity
of a stratigraphic exposure — see later); and 4jmgltk strata undergo greater post-
depositional compaction than coarser sedimentarlysto However, it is inconsequential
that thicknesses of mudrock strata do not reflagimal thicknesses of mud accumulation.
Strata of Archean to Carboniferous age are allyflithified, and comparison of the
proportion of mudrock strata relative to coarsedirment is an accurate proxy for
understanding relative mudrock abundance.

The term ‘mudrock’ is used here as an umbrellagirayiof multiple distinct types of fine-
grained sediment (< 624om grains: mudstone, siltstone, claystone, shalajlividual
types of mudrock are variably defined based upainegize and fissility and are not
necessarily mutually exclusive (e.g., a mudrockdde both a shale and a mudstone, or
both a shale and a claystori®) 47) Additionally, the accurate classification of mock
type is often not possible in hand specimen andires| additional petrographic analyses.

3



In the studies used to compile the database, #ssification of mudrock type was made
to widely different levels of accuracy, dependimgtbe individual scientific remit of any
one original publication. As such, mudrock terndagy (mudrock, mudstone, siltstone,
claystone, shale) is reported here in accordanttetive usage of the original authors, and
no interpretive grouping of terms was undertakamrider to mitigate misinterpretation.
For this reason, the trends in mudrock proport®a awhole are likely to be more accurate
than for individual mudrock types (which may origily have been diagnosed with varying
degrees of certainty). Figure S2 shows the datépoised in Figure 1A, colour-coded as
per original rock type descriptions. Although, #evas insufficient published data to
further subdivide the datapoints (e.g., in termglafy mineralogy(2)), the figure shows
the average proportion of siltstone versus othatrouk types. Siltstones are more readily
differentiated in hand specimen, so reports of lithelogy were more numerous than for
other mudrocks and their trends more amenableseckcrutiny. Additionally, siltstones
have the potential to comprise a sizeable fraadfomechanically-generated fines, so the
fact that they show the same trend as other mudrodkich may have a larger component
of chemically-weathered fines, suggests that ctagyction alone cannot account for the
trend, and that there was an element of physi¢ahtien that prevented winnowing of
fines from continent¢48-49) We emphasise that not all siltstones are mechhy
generated and not all finer mudrocks are chemisadigithered, so the veracity of this
interpretation of the trend is open to more refimaestigation.

1.3. Mitigation against geographic bias

Geographic bias could skew observed trends if qdati paleo-tectonic or -climatic
settings were over-represented. However, thisotsconsidered a problem within the
dataset. Although North American and European saghes dominate our (predominantly
English-language) survey, the survey has globat@me (Fig. S3) and data from every
modern continent are represented in the study;iN@merica (n = 262, 37.3%); Europe
(n =195, 27.7%); Asia (n = 65, 9.2%); Africa (188, 11.3%); Australia (n = 56, 8.0%);
South America (n = 41, 5.8%); Antarctica (n = 5%). Additionally, Figure S4 shows
that the same trend is apparent even when Northridareand European datapoints are
removed from the plot.

A lack of studies or published data for certainioeg (e.g., central Africa) is a natural
limitation of the project, but near-global coverag¢he existing data mitigates against the
likelihood that these regions contain any uniqugnaiures that would skew observed
trends if they were available for inclusion. Furthplate tectonic realignment of the
continents since the deposition of the differemirfations means that the paleogeographic
spread of datapoints is substantially more globalahy given interval than is apparent
from the modern geographic spread.

2. Elimination of hypothesized non-vegetation cause the trend

The observed trend, of increasing alluvial mudnoikportion within younger strata, could
abductively be explained by (1) syn-depositionasitbaspace controls on mudrock
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accumulation; (2) post-depositional attrition andoseon of older mudrock; (3)
misidentification of mudrock-rich alluvial successs in older strata; or (4) tectonic or
climatic controls. These four hypotheses have liested 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 olsedrdecrease in mudrock aaction of
total alluvial sedimentary rock volume, and theergty quantified decline imotal non-
marine sedimentary rock volume with tirfler). The superficiality of this trend becomes
immediately apparent when our plot is invertedove the proportion of non-mudrock
sedimentary strata in alluvium, and thus shows ositipe correlation with total non-
marine sedimentary rock volume (Fig. S5).

As a quantification of vertical stratigraphic propons, rather than bulk volume, the plot
is thus wholly different in nature to plots thanealer the aerial coverage of sedimentary
strata (i.e., as determined from geological maps) proxy for the amount of sedimentary
rock for a given interval17). While intensive (proportion) and extensive (vroh)
properties of the geological record are not disgectimparable, there is a chance that they
share a common cause. Studies of non-marine setiinggock volume have ascribed an
early Palaeozoic increase to major changes in acwafation space on the contine(itg).

If the proportion of mudrock had the same undegyause, then it should be expected to
mirror the trends seen in total sedimentary rodkwe: however, Figure S6 shows that it
does not. The proportion of mudrock remains minitheoughout the Precambrian, even
during intervals where total rock volume spikesleéwels analogous to post-vegetation
intervals (e.g., intervals of the alter Neoproteiozhave amounts of rock volume
comparable to or greater than at the Silurian-D&rortransition, yet mudrock is
significantly more abundant during the latter intd). Furthermore, the onset of increasing
sedimentary rock volume is considerably delayethftibe onset of the mudrock rise (Fig.
S6). The amount of mudrock as a proportion exhihitsliminishment in the latest
Carboniferous (Fig. S6C), which partly mirrors tteek volume trend: suggesting that
accommodation space could potentially play a mi@udrock content during this interval,
but that it is clearly a subservient control tottivaich triggered the onset of the mudrock
rise (Fig. S6B).

Finally, the argument that limited basin extentdigages mudrock accumulation in the
alluvial realm, and that this explains the obsertredd, relies on a model that all fluvial
systems bypass sediment during low accommodatioditons. The veracity of this
contention requires: 1) Persistent and global loeoenmodation for the c. 3.0 Ga duration
of the Archean through to at least the Ordoviciamg 2) The assumption that the net
sedimentary product of all of the world’s rivers &y given interval of Earth history) is
analogous to that seen in an individual, distrimi(b0), fluvial system at the present day.
The first of these requirements alone is considergikely enough that accommodation
space cannot be a cause of the trend (discusgbeérfim Section 2.4.). The likelihood of
the second contention cannot currently be assémszlise of the limited data that exists
to support it, but it should be noted that nogdilivium preserved in the rock record is the
product of distributive fluvial systen{51) and that the argument that low accommodation



means less mudrock need not apply to those datapaimch record the alluvium of
tributive and other systems.

2.2. Rejection of attrition and erosion as a cdaséhe trend

The amount of preserved non-marine sedimentary geclerally diminishes further back
in geological time(17, 52, and the stratigraphic record is biased to sedintkat
accumulated in basirfS3), but preservation bias cannot explain the obsereedls. There
is no logical reason why bulk post-depositionaritatin would preferentially affect
mudrock strata, especially within heterolithic seesions, because controls such as out-of-
basin erosion and tectonic recycling should afédidithologies with an equal likelihood.
In respect to such attrition, while the deep timealnock record is undisputedly incomplete,
the record of coarser-grained sedimentary rockaldhime equally incomplete; rendering a
null effect on the inclusive values discussed héeretherefore highly unlikely that random
attrition led to the observed trend (i.e., no ubk$ween 3500-411 Ma containing >15%
mudrock).

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

Two null hypotheses were compared with the actusdtidution of data, with synthetic
data calculated 100 times for each, following thenk& Carlo Metho@54): 1) A scenario
where mudrock percentage follows a normal distrdmyt using mean and standard
deviation values calculated from the entire dat@B8etcambrian and Phanerozoic) (Fig.
S7A); and 2) A scenario where mudrock percentatiewie a normal distribution, using
mean and standard deviation values calculated Robamerozoic values only (Figure S7B,
Figure S8). The first test illustrates the likeltbof the actual distribution of data arising
by chance. By being restricted to the well-popul&tey interval of change, the second test
assesses the likelihood of progressively decressetbling deeper into geological time
having affected the observed mudrock distributidone of the synthetic profiles presented
in Figure S7 and Figure S8 demonstrate either:ery'¥mallcumulative mudrock values
(<0.075) between 3500 Ma — 500 Ma; or 2) A shacpaase in cumulative mudroeklues
timed approximately with the first appearance ofdiglants. This demonstrates that the
sharp increase in post-Devonian mudrock fractiovotsan attrition artefact, as no synthetic
distributions reproduce the trend.

To quantitatively test similarity of the synthedicd real cumulative frequency distributions
the Kolmogorov-Smirnov test was used. The KolmogeBmirnov statistic, d(K-S) (the

maximum in separation between cumulative frequeoggves), assesses cumulative
distributions for similarity(55), with smaller d(K-S) values indicating more simila
distributions. Both scenarios returned large d(kaues (scenario 1 = 0.541933 [Fig.
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S7A], scenario 2 = 0.540084 [Fig. S7B]), thus engtiag the dissimilarity between the
actual and synthetic distributions. Furthermor&;sj(is far greater than the critical value
in both instances (dcrit = 0.068514= 0.01), indicating that the null hypotheses can b
rejected with a confidence level significantly gexahan 99.9%. The d(k-s) value for the
Phanerozoic only plot (Fig. S8) also exceeded @@r214981 and 0.097937 respectively),
further emphasizing the validity of the observeddnmgk distribution.

The erodibility of mudrock is also ruled out asexplanation. Mudrocks may be more
susceptible to modern erosion and weathering framcrop than coarser-grained
sedimentary rocks, due to internal fissility andchenical weaknesses. However, this
study compares rock with rock: post-lithificatidhere is no reason why a Precambrian
mudrock should be any more or less susceptibleddemm erosion than a Phanerozoic
mudrock and each dataset should be equally protlfesalepleting effect. Precambrian
mudrocks, being older and therefore subject totarially greater array of burial/heating
events, may in fact be suspected to be less poemsion as metasedimentary mudrocks
are often mechanically stronger than ‘fresh’ mudlrogdditionally, the heterolithic and
interbedded nature of mudrock and sandstone méanst is not possible to surgically
remove only mudrock, despite its greater erodipiven during those syn-depositional
erosion events that excise large parts of theigtaghic record52).

Where exposed on Earth’s surface today, sandstom&dted successions tend to form
cliffs (more amenable to geological investigatiomhereas erodible mud-rich successions
are more likely to be hidden by soil and talus. §ithere is an inherent observation bias
in favour of sandstone-dominated strata in outciopestigation. However, this
observation bias is again uniform across the egemogical record (certainly so for fully
lithified ancient strata of Precambrian through fomiferous age) and so cannot detract
from the validity of the mudrock upsurge presenteBigure 1.

2.3. Rejection of observer bias as a cause foir¢mel

The holistic approach that has been employed nggetdéhe maximum extent possible,
issues of sampling bias. As it encompasses afliplesdatapoints, the trend accurately
represents what is preserved in the global rocBrte@s is currently known. Subsampling
of the data was used to remove any concern thatemnsampling for different time
intervals may have biased the dé#. 1C). A random subset of the available dataset is
drawn until each interval, called a sampling birgludes the same estimated number of
datapointg’56). The dataset was split into 30 sampling bins sepdrat 100 million year
intervals from 3500-700 Ma, and then at 40 milliggar intervals from 699-299 million
years ago. These intervals were chosen as theydprgveat enough temporal resolution
to ensure each key interval in the Phanerozoicemesented, whilst ensuring each
sampling bin contains enough original data on mekipyoportion to randomly draw from.
125 data points were randomly drawn from the odbdata for each sampling bin. This
process was repeated 100 times to obtain averagigure 1C, each datapoint represents
the median value seen across the 100 individuasasupling trials. In addition to
correcting for variation in sampling intensity, saimpling enables the order of magnitude
increase in mudrock proportion for each key intetvde calculated (see main text).



An alternative method for validating the global mack abundance time series is to use a
hypergeometric distribution based on the null higpsts that the spread of datapoints from
the interval preceding root evolution was origigalie same as the post-root interval (411-
300 Ma), and that the observation of a mudrocketksit older alluvial record is a bias
effect of random sampling. Hypergeometric distiit$ perform sampling without
replacement, and therefore can determine the hi&eti of drawing a particular set of
samples from an underlying population. In the caseur global record of mudrock
abundances, for the null hypothesis to be trueireguhat 366 draws (the number of
observed datapoints pre-dating root evolui@@)) from the true distribution are made.
Assuming that the population of the 411-300 Maibireflective of the ‘true’ distribution,
the 28 preceding bins (each of 111 Ma duration)lmscaled to contain a population of
6200 samples, of which 3565 should contain > 15%rmoek. The probability that none
of these 3565 hypothetical samples were drawn éhdB&ws from the hypothetical pool
of 6200 (due to sampling) is less than'%0 The observed mudrock proportion trend is
thus statistically sound.

The misidentification of mudrock-rich alluvial steaas being of a marine origin in older
units may reasonably be expected to have biaseditberved trend. Alluvium may be
identified through the physical sedimentary chamastics of a rock unit, including
palaeocurrent variance and sedimentary archite@ur®&8) Notwithstanding this, there
are instances in which it may be problematic tactasively distinguish alluvial strata from
marine strata, particularly in the Precambrian. ¥danot account for instances where
previous authors have misinterpreted strata basdimited and non-diagnostic criteria
(e.g., using an abundance of cross-bedded sandstordeclare a unit ‘fluvial’). The
strength of the observed trend would require thantisidentification of alluvial strata was
an endemic problem to a significant fraction of ghedies of 383 pre-Ordovician units,
carried out over the last c.70 years, as citechendatabase, but could be a source of
uncontrolled bias. However, there are five reasoimg the effects of any such bias may
be minimal: 1) Our own investigations of 18% of timeits (n = 125) suggest that the
majority of interpretations of an alluvial originesaccurate. Ground-truthing of these units
was undertaken using standard sedimentary geoldgtthtechniques (e.g., stratigraphic
logging, architectural analysis). The trend fromufe 1 remains apparent when the plot is
reconstructed using only those formations whicthexe ground-truthed (Fig. S9). 2) The
Ordovician-Devonian upsurge in preserved mudrodk-pates the evolution of abundant
marine shelly fossils and bioturbation in the Camarr For this latter interval,
paleontological and ichnological data reduce tble of inaccurately discerning marine and
alluvial strata and yet alluvial mudrock remainsnimal, and analogous to preceded
Precambrian periods, during this interval (Fig. ;1B) 52% of the formations in the
database are known from multiple papers by diffeaerthors: the likelihood of multiple
sets of authors making the same erroneous conalissioore limited than for those studies
that involve only one previous study; 4) The majorof studies were undertaken
specifically as sedimentary geology studies, wite express intent of understanding
paleoenvironment. Researchers within this fieléxgdertise are less likely to have made
simplistic assumptions (e.g., trough cross-beddmgfluvial) than non-specialist
researchers, as multiple lines of sedimentologigalence exist to identify marine strata,
with or without the presence of paleontologicabmhation (i.e., through an assessment of
the balance and combination of sedimentary charatits including paleocurrent
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variance and sedimentary architectuf®7-60Q (Fig. S10)); and 5) The issue of
misidentification would only negate the observemtfif certain (mud-rich) pre-vegetation
fluvial strata have been misidentified as marind #merefore missed during our data
collection: if the converse is true, whereby sonmaine strata have been interpreted as
fluvial, this makes no material difference to thetalset - it might contain some ‘false’
datapoints (most likely in older strata lackingdibsvidence), but does not affect the trend.
In the authors direct experience of fieldwork atdlg of >20 pre-vegetation successions
previously described as marine in origin, we hak&vipusly encountered no instances
where strata exhibiting diagnostic fluvial charaistics have previously been
misidentified as marine.

2.4. Rejection of cyclic allogenic forces as a edfes the trend

The statistical tests used to mitigate againstiatiras a cause for the trend (Section 2.2)
suggest that the trend marks a stratigraphicallglitectional shift of increasing alluvial
mudrock, which is thus not readily explainable avihg been forced by those cyclic
geological phenomena that were continually in ojenaprior to the onset of the trend
(Fig. S11).

Modern-style plate tectonics are known to have bamtinuously active since at least
1830 Ma(61), and sea-level and climate fluctuations were omatly operational across
the entire 3200 Ma study interval. None of these aecount for the stratigraphically
unidirectional nature of the onset of the obsetvedd. Even accounting for the high sea-
levels and orogenic basins in the Devonian (whichy have been more amenable to
mudrock accumulation), the absence of earlier nzldspikes suggest that a unidirectional
change to the Earth system is required in addiba@any tectonic/climate/sea-level controls
(12). Numerous Precambrian supercontinents are krn@8)) as well as at least 16 pre-
Ordovician orogeniegl4), which should be expected to have contributeditbes spikes,
yet our directly observed data (Section 2.3) aatisical tests (Section 2.2) demonstrate
that it is highly unlikely that such spikes prewsbuexisted but were later eroded.

Whilst cyclical phenomena undoubtedly have an éftecthe preserved global alluvial
record, the variation in mudrock abundance thaeleduce can only be directly compared
in similarly aged intervals (i.e., not between pad post-vegetation evolution intervals).
For example, in rocks of a common age, before &edthe Ordovician, alluvial mudrock
is more abundant in strata deposi@djacentto active orogenic belts than in strata
depositedaway from active orogenies. However, mudrock deposédphcent to active
orogenic belts prior to the evolution of land plam$ significantly less abundatihan
mudrock deposite@way from orogenies after the evolution of landngdg(Fig. S12).
Climatically, there is little discernible correlati between global alluvial mudrock
proportion and the presence or absence of polaiagiians (Fig. S13), yet both glacial and
non-glacial intervals are markedly more mud-richrimiy post-vegetation icehouse
conditions (e.g., the late Carboniferous) than they during pre-vegetation icehouse
conditions (e.g., the Cryogenian).

2.5. The timing of the greening of the continentsl dhe onset of increased alluvial
mudrock abundance




The unidirectional onset, and progressive natuir¢he increase in mudrock abundance
does show strong correlation with the fossil plaabrd(18-20)(Fig. S11B). The studied
interval can be divided into three parts. 1) Prgetation. The average proportion of
mudrock in alluvial successions is 1.3% acrosAmhean to Early Ordovician formations
(n=348), and only 11.2% of the formations contaieager than 2% mudrock strata. 2)
Primitive vegetation. The average proportion of nog# in alluvial successions is 15.4%
for Middle Ordovician to Silurian formations (n=3Q)ost-dating the evolution of the
earliest land plantfl9), and 53.0% of these formations contain greater #8@ mudrock.

3) Post-rooting. The average proportion of mudriocklluvial successions is 29.9% for
formations deposited after the Early Devonian etvotuof rooting(20) (n=216), where
78.6% of units contain greater than 2% mudrock,2h8% of alluvial units are dominated
by mudrock (50-95% proportion) over coarser-graisedimentary strata. With current
knowledge, the only primary unidirectional globataoge associated with the two
accelerations of alluvial mudrock abundance (Lato®ician and Devonian) is vegetation
evolution (the first land plants and rooting, regpely). We emphasise that this
correlation is made with the tangible plant fossdord. As noted by other research@®),
there presently exist a multitude of hypothesesandigg the timing of land plant
colonization of the continents, made using secondarderived datasets. For example:
paleoweathering surfaces have been used to suggeet greening of the continents in
the Ordovician and Siluriarf62); clay minerals have been used to suggest a late
Precambrian greening of the continef@8); oxygen isotope signals in marine carbonates,
and numerical modelling, have been used to sugektvician greenin21); weathering
models based on modern plant weathering suggesor ni¢vonian greenind63)
(enigmatically preceding the Carboniferous expamsidorestg18)); and molecular clock
data postulate a minimum Cambrian origin for lad@nts (64). Clearly, all of these
hypotheses are mutually-exclusi¢g8), and a fuller understanding of the timing of the
greening of the continents requires more than enigeld source of interpreted data.

We note that (1) our observations of mudrock inseesre closely linked to the undisputed
land plant fossil record, (2) cannot be reasonakplained by the most likely alternative
hypotheses considered (Sections 2.1-2.4.) andh@)nhultiple mechanisms, as seen in
modern vegetation, are known to promote mud pradiu@nd deposition, and that these
were absent from the Earth surface prior to Pal@ieaavolutionary innovations. In light

of these factors, it is reasonable to infer plattted causes as the best explanation for the
outcome preserved in the global rock record @eshift in mudrock abundance throughout
the Palaeozoic; see discussion in main text). tahgible shift in the character of the
alluvial mudrock record may thus be of potentiad us the calibration of other derived
estimates of the greening of the continents.

Cumulative mudrock proportions binned into 100 Myervals visually demonstrate how
the increase in mudrock proportion on land is bipadeval with the paleobotanic record
of land plant evolution, with intervals post-datitige first plant fossils showing overall
trends closer to a normal distribution than thagedating the first plant fossils (Fig. S14).
Similarly, Figure S15 illustrates the abrupt in@ean the frequency of alluvial formations
containing >2% mudrock percentage after the evahudif land plants, as evidenced in the
fossil record.
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An alternative hypothesis may be entertained inctvithe onset of the mudrock trend is
due to an external trigger not known or not thougtut in the preceding sections, and
that land plants actually evolved in response &iticrease of mud on the continents. In
other words, that their evolution was encouragethby active exploitation of continents
on which sediment and water were more efficienthpped. We suggest that this
hypothesis is unlikely because: 1) to our knowledlgere are few unidirectional changes
to the Earth system that have not been consideyedptential trigger; and 2) if floral
terrestrialization had previously been impeded mfawourable physical landscape
conditions, it would be expected that plant-likeofsynthetic terrestrial organisms
underwent a polyphyletic radiation once the ideadditions had been met. However, the
monophyly of land plant$65) attests against this, instead suggesting thatirtigng
factors for land plant colonization were intrins{ce. the acquisition of novel
developmental pathways involved in embryogenes@ganogenesis).

3. Discussion of pre-Ordovician anomalies

The figured plots show a few anomalous instancdsghf mudrock content within older
strata. In particular, only 5 pre-Middle Ordovigiauccessions contain >10% mudrock.
These anomalies may be genuine instances of highcontent in alluvial systems and so
are included in our plots. However, as seen inufedLC, isolated maximum reported
mudrock values for a given interval may skew theagahen compared with the median
and mean values for pre-Ordovician intervals. th@ reason, we specifically address the
5 pre-vegetation, high-mudrock, anomalies below.aWphasise that a similar survey of
all of the datapoints used would likely reveal adfal of other instances in which the
reported mudrock values may be equally problemdiitt, as random checking of
potentially erroneous datapoints has shown that #ne unlikely to be so numerous to
detract from the principal result of our analysi& do not attempt to scrutinize the
remaining 589 datapoints (shown in Figure 1) here.

Anomaly 1: Neoarchean Renosterspruit Sandstone0(3800 Ma), South Africa,
(“Shale” 14%). A braided alluvial depositional eronment was suggested based on the
interpretation of planar cross-bedded sandstonescaseting transverse bak$6).
Mudrock occurs in beds <1.5 m-thick and the prapodl value was calculated from a 25
m thick measured stratigraphic section presentéueioriginal publicatio66). However,

it is unclear whether this illustrated sectionygital of the entire 120 m-thick formation.

Anomaly 2: Mesoproterozoic Kasama Fm (1434 Ma), Ham(“Mudstone” 17%).
Unfossiliferous cross-bedded sandstones and coeghiies have been described as
channel bar deposits, and associated massive nmedstme described as floodplain and
floodbasin deposits, but with no explanation dethilor these interpretatiorf§7-68) It
was only possible to approximate mudrock proporfrom 6 x 1:10,000 scale logs.

Anomaly 3: Mesoproterozoic Outan Island Formatidd00 Ma), Canada (Mudrock
[“Shale” and “Siltstone”] 14%). Alternating successs of massive and cross-stratified
medium grained sandstones, minor conglomerateghanly interlaminated mudstones,
siltstones and fine-medium grained sandstones baea interpreted as channel and
floodplain assemblages respectivéd9). The formation is known from core records only,
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lacking stratigraphic architectural data. As subk,environmental interpretation may not
be as robust as other case studies, while mudmagogion is likely to be more accurate.

Anomaly 4: Neoproterozoic Fatira El Zarga Sequd8-585 Ma), Egypt (“Mudstone”
12%). Horizontally laminated mudstones (1-3 m thidnd fine-medium grained
sandstones have been interpreted as overbankland $heet” deposits based solely upon
their association with each oth@t0). Mudrock value was calculated from a published,
measured 30 m stratigraphic section, but no puddishata is available on the formation
thickness or how representative the presentedgsiphic section is of the predominant
facies.

Anomaly 5: Ediacaran-Cambrian Seival Formation ¢(586.2 Ma), Brazil (Mudrock
[‘Mudstone” and “Siltstone”] 11%). Unfossiliferougsross-bedded sandstones and
conglomerates, and associated laminated siltstdres been described as recording
fluvial channels and overbank deposits floodpla@pakits based on their lithologyl).
Mudrock value was calculated from 7 illustratecasgraphic logs, totalling 66 metres of
section, but is unclear how many of these logdrara the same stratigraphic horizon, or
how representative they are of the formations @38 metre thickness.
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Fig. S1.

Outcrop extent of mudrock (highlighted yellow) iapresentative alluvial formations,
shown at same scale. A) Neoproterozoic ApplecFagsnation, Scotland. Formation
average mudrock = <1%; Global average pre-vegetanodrock = 1.3%. B) Late

Ordovician Misty Point Formation, Newfoundland, @da. Formation average mudrock
= 13%; Global average primitive vegetation mudreck5.4%; C) Late Carboniferous
Cape John Formation, Nova Scotia, Canada. Formatierage mudrock = 36%; Global
average post-rooting mudrock = 29.9%.
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A) Proportion of mudrock (differentiated by typeittnn alluvial successions of Archean
to Carboniferous age. Each individual plot recarde of the known 594 alluvial
stratigraphic units deposited during this interBl;Average plot of mudstone, claystone
and shale calculated for each geological Eon (AanheEra (Palaeoproterozoic to
Neoproterozoic) and vegetation stdd(Cambrian to Carboniferous); C) Average plot
of siltstone calculated for each geological Eonctfean), Era (Palaeoproterozoic to
Neoproterozoic) and vegetation stdde(Cambrian to Carboniferous).
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Fig. S3
Geographic distribution of case studies in supplgary Mudrock Database.
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Proportion of non-mudrock sedimentary strata withatluvial successions of
Neoproterozoic to Carboniferous age. Each indiigil@t records one of the known 367
alluvial stratigraphic units deposited during timterval.
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Black line: Average mudrock percentage within adiguccessions. Using the mudrock
data compiled in the database, mudrock averadeisrsby Period (Neoproterozoic
(Tonian, Cryogenian, Ediacaran)), Epoch (Cambriarreneuvian, Stage 2, Stage 3,
Furongian), Ordovician (Lower, Middle, Upper), Sian (Llandovery, Wenlock,

Ludlow, Pridoli) and Devonian (Lower, Middle, Uppeand Stage (Carboniferous
(Tournaisian, Visean, Serpukhovian, Bashkirian, dée$an, Kasimovian, Gzhelian))
(44). Non-marine sedimentary rock volume in yell(v).
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Fig. S7

Cumulative frequency plots comparing the actudtithigtion of data (red line), with
synthetic data (n = 100) (grey lines) assumingtlehypothesis that mudrock
distribution follows a normal distribution. A) Ugirthe mean and standard deviation
values of the entire database (Precambrian andeRbmuic). B) Using the mean and
standard deviation values of the Phanerozoic only.
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Cumulative frequency plot comparing the actualriistion of data, with synthetic data
(n = 100), assuming the null hypothesis that mukicbstribution follows a normal
distribution across 3500-298.9 Ma (mean and stahdeviation values of Phanerozoic
case studies).
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» Mineralogically mature * Mineralogically immature

« Texturally mature * Texturally immature

* Tabular beds only  Contains downstream and lateral

* Horizontal-stratification dominant accretion surfaces (interpreted as

» Local trough cross-stratification fluvial barform deposits)

» No conglomerate * Locally developed horizontal-

* No mudrock stratification (on interpreted

» No mudstone clasts barform-tops)

* Paleocurrents unimodal towards » Dominant trough cross-stratification
north * Local intercalations of conglomerate

* Less than 1% mudrock

» Contains mudstone clasts

 Paleocurrents unimodal towards
the east

 High-energy, wave and storm * Perennial braided fluvial system
dominated, marine shoreface

Fig. S10

Example case study where marine and non-marinesdepl environments could be
interpreted through an assessment of the balartte@nbination of the sedimentary

characteristics of the two formations.
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Fig. S11

Proportion of mudrock within alluvial successioriglifferent ages with major episodic,
cyclic and unidirectional changes in the Earthexysshown. A) Tectonic, climatic and
atmospheric changes. B) Paleobotanic changes.
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Histograms comparing mudrock percentage in worléwaluvium deposited during
intervals of orogenic events. A) Affected (depasiteeighbouring orogeny) and not
affected (deposited away from orogeny) by the Gitkav Orogeny (1100-900 Ma); B)
Affected and not affected by the Caledonian/Acadaogeny (440-390 Ma).
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Histogram plots comparing average mudrock perceniagworldwide alluvium. (A)
Deposited during glacial intervals versus non-glhicitervals in the absence of land plants;

(B) Deposited during glacial intervals versus ndeel intervals in the presence of land
plants.
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Line graphs showing cumulative frequency and totabrock percentage for each 100
million year interval where there are 7 or moreecstsidies. Two lines recording intervals
after plant evolution (0.5-0.4 Ga and 0.4-0.3 Gadashced from earlier lines.

28



3500-3400 Ma 204 3400-3300 Ma  ,,3300-3200 Ma ,,_3200-3100 Ma

204
> > > >
o o o o
e c e c
@ [ (7] [
= 3 3 =1
=3 o o =3
£ 2 2 e
w w [ [
| o~ o o a o o o 0 o~ o o 0 ] © o
Vv — — v ~— — v ~— = v ;e ~—
o A o A PR o A
% % %o %
20- 3100-3000 Ma 20 2900-3000 Ma 20+ 2800-2900 Ma 20.2700-2800 Ma
> > > >
o 1) Q 1]
c c & &)
[ [ @ [
35 3 = 2
=3 o o o
o g 2 o
w 'R [ [
0 N © o 0 N © O 0 N © o 0 N © o
v - - vV = = v % = v T s
N A ~ A o~ A o~ A
% % % %
704 2600-2700Ma 70+ 2500-2600 Ma 20, 2400-2500 Ma 2042300-2400 Ma
> > > >
1) o 1) o
c c c c
@ @ @ [
3 3 =1 =
o o T o
e 2 o 8
[T [ w [T
—
0 ee "geze "veg yec
A" E \R- A" ‘c\'_| ‘R c\'l iy c{l "
% % % %

204 2200-2300 Ma g, 2100-2200 Ma 0., 2000-2100 Ma 20, 1900-2000 Ma

Frequency
Frequency
Frequency
Frequency

L O

0 &) o o N O o 0 o~ o o 0 o~ (=] o
V ~— — v = -— v L7 e v % 5
& A & A & A & A

% % % %

Fig. S15 (continued overleaf)

Histograms showing the frequency of mudrock distidns of each 100 million year
interval in the database. Note increase in mudecocitent during bin encompassing
Ordovician and Silurian (400-500 Ma).

29



"]
=
=) Ol<
o
(7=
< 0lL-¢ &
(=]
[=]
2 z>
= Kauanbaiy o
[y}
=
= OL<
~
" ol-z&
o
o
- z>
) Aouanba.y o
1]
=
1= Ol<
o0
s ﬁ 0l-¢ &
(=]
(=]
= B z>
g £ & &
Aouanbauy
1]
=
o Ol<
(=]
(2]
% 0Lz R
o
o
mm o>
S Aousnbaiy o

Ol<
oL-¢=

c>

Aouanbaig

Aouanbaiy

Ol<
0Lz R

¢>

Ol<
QL2 £
>

20_1300-1400 Ma ,,1200-1300 Ma ,,_ 1100-1200 Ma

1400-1500 Ma

Aouanbaiy

Ol<
0L-z &

20+

Aouanbaig

Ol<
oLz

>

20, 700-800 Ma

Aouanbaiq

=

o

Ol<

0Lz

20, 800-900 Ma

Kouanbaiqg

(=]

0l<
Ol-¢ X

>

20, 900-1000 Ma

Aauanbaiy

[=]

Ol<

_ 0L-2 R

>

5071000-1100 Ma

Kouanbaiqg

o

Ol<

300-400 Ma

_ 01-Z 2

116

400-500 Ma

Aouanbaiy o

Ol<

(] ArAR-S

>

407

Aouanbaiy °

Ol<
oLz X

500-600 Ma

60

600-700 Ma

Aouanbaig =

0l<
Ol¢ X

20+

Aouanbaiy =

30



Additiional Data (separ atefile)

Table S1. Database of alluvial mudrock. Values highlightedjiay indicate mudrock
proportion was calculated from published stratigrepogs.
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