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Abstract 11 

Determining when continental masses emerged above the global ocean is crucial to 12 

understanding secular changes in crustal and Earth-surface processes. The emergence 13 

of continents above sea level provided important sinks for atmospheric CO2, a source of 14 

bioavailable P2O5, and initiated the erosional component of the rock cycle. Previous 15 

estimates for continental emergence vary widely and depended on complex 16 

geochemical proxies. Here, we formulate a testable hypothesis for the behavior of 17 

sedimentary systems in a world with flooded vs. emergent continents and employ a 18 

simple sample-based analysis of the global detrital-zircon record. Our analysis filters the 19 

total detrital zircon database from >600,000 analyses to ~450,000 analyses, then 20 

calculates age distribution metrics for each rock sample containing >40 individual zircon 21 

analyses.  We show that watersheds with inferred sizes, relative to their host continents, 22 

similar to modern ones became common ~2.8 billion years ago, and that consistent 23 

crustal recycling occurred at least since the Neoarchean. In light of the extant geologic 24 

record, this analysis suggests that widespread continental emergence began at the end 25 
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of the Mesoarchean and progressed throughout the Neoarchean.  Our analysis therefore 26 

provides a novel chronometer to track the  emergence of continental-crust throughout 27 

Earth’s history.  28 

 29 

 30 

  31 
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1.1 Introduction 32 

The amount of continental crust present on Earth throughout its history remains 33 

mysterious. The competing processes of generation and destruction work to offset one 34 

another, and uncertainties about the rates of both processes provoke uncertainty in the 35 

accumulated amount of continental crust back in time. Numerous reviews have been 36 

dedicated to this topic (Cawood et al., 2013; Hawkesworth et al., 2016; Korenaga, 2018), 37 

however, an open question lingers: does the preserved rock record contain a 38 

representative history of the ancient Earth?  With the advent of modern geochronology, it 39 

became evident that the preserved record of ancient rocks cluster in age, with major 40 

peaks near 2.7 Ga, 1.9 Ga, 1.1 Ga, and 0.6 Ga (Condie, 1998).  The relevance of these 41 

age peaks was, and remains, unclear for interpreting the past history of the continental 42 

crust.  Various geochemical datasets have been used to argue that continental growth 43 

was very rapid, with equally rapid recycling times, early in Earth history (Armstrong, 44 

1991; Rosas and Korenaga, 2018).  Other datasets have been interpreted to suggest 45 

more continuous growth, with preservation variations instead controlling the present 46 

distribution of ancient rock ages (Allegre and Rousseau, 1984; Belousova et al., 2010; 47 

Hawkesworth et al., 2016; Spencer, 2020). The sedimentary record, and the growing 48 

database of mineral grain analyses from sedimentary rocks, has been instrumental to 49 

this discussion.  Large compilations of individual zircon ages have been used to 50 

construct time-lapse depictions of the sedimentary record, such that detrital minerals of 51 

various ages can be used as windows into the bulk composition of the continental crust 52 

back in time.  Even these types of analyses are not in complete agreement. Parman 53 

(2015) suggested that age peaks present in the modern rock record are maintained 54 

through Earth history, suggestive of pulsed episodes of magmatism throughout time.  A 55 

more recent analysis suggested the opposite, that is, ancient sediments contained a 56 
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very different age distribution, indicating that preservation controls the modern age 57 

distribution of rocks (Spencer, 2020).  Other analysis of the detrital zircon record, using 58 

hafnium and oxygen isotopes from the zircon grains to interrogate only the grains 59 

thought to come from mantle-derived new crust, combined with U-Pb ages, suggests 60 

that there are not major peaks in new crust production over time, but there are peaks in 61 

preserved magmatic activity (Dhuime et al. 2012; Hawkesworth et al. 2010).   62 

 63 

As the deposition of sediments implies erosion from exposed landmasses and routing of 64 

detritus towards the global ocean, the sedimentary record also yields crucial information 65 

regarding surface processes, and specifically the exposure of ancient continental crust 66 

above sea level.   Surface processes such as rock weathering, erosion, and ocean-ward 67 

sediment delivery are strongly controlled by the area, relief, and lithology of exposed 68 

continental masses (Syvitski and Milliman, 2007). A variable continental freeboard 69 

throughout geological time, i.e. a changing average elevation of continents above sea 70 

level (Wise, 1974), is expected to have globally modulated both sediment and 71 

biogeochemical fluxes (e.g., C, P2O5; (Galy et al., 2008)). Due to the primary control of 72 

continental relief on erosion rates, detrital records have been used to infer key features 73 

of the Earth system such as net continental growth and loss through time (Schubert and 74 

Reymer, 1985), the volume of oceans (Kasting and Holm, 1992), and even mantle 75 

potential temperature (Galer, 1991). Obtaining a refined timeframe for the rise of 76 

modern-style continental freeboard ultimately leads to a crucial understanding of when 77 
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the ocean-ward delivery of sediment started on Earth – a condition necessary for the 78 

establishment of the rock cycle that, like plate tectonics, is unique to Earth as we know it. 79 

 80 

Physical principles indicate that continental freeboard is expected to have been lower in 81 

the Archean (>2.5 Ga) (Flament et al., 2008; Lee et al., 2017). A hotter early mantle 82 

would have created thicker oceanic crust leading to shallower ocean basins and higher-83 

standing sea level (Flament et al., 2008). A hotter mantle would have also led to larger 84 

total negative thermal buoyancy of continents, causing them to ride lower with respect to 85 

a given sea level (Lee et al., 2017). Additionally, continental crust with vigorous 86 

radiogenic heat production and lacking deep, cool lithospheric roots, would have been 87 

thermally weakened and unable to support prominent orography (Flament et al., 2013; 88 

Lee et al., 2017). Based upon geochemical (Bindeman et al., 2018), geological (Kump 89 

and Barley, 2007), and geodynamical (Lee et al., 2017; Rey and Coltice, 2008) 90 
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observations, previous estimates for the timing of global, modern-style, emergence of 91 

continental masses above the surrounding oceans range widely from 3.0 Ga to 0.6 Ga. 92 

 93 

 94 

Figure 1: Global 95 

distribution of crustal 96 

ages plotted on a 1° × 1° 97 

grid (derived from 98 

Artemieva, 2006) with 99 

various continental-100 

freeboard scenarios, 101 

including: modern (a), 102 

500 m above modern (b), 103 

and 1000 m above 104 

modern sea level. 105 

Elevation is compiled 106 

from ETOPO5 data 107 

(http://ngdc.noaa.gov/), 108 

with values likewise 109 

averaged over a 1° × 1° 110 

grid. Areas where 111 

modern topography is defined by large ice sheets, rather than exposed crust, are 112 

omitted. Note selective exposure of younger crust with progressively diminished 113 

continental freeboard. 114 
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 115 

Here we present a simple analytical framework to determine when the onset of modern-116 

style continental freeboard, defined as having a broadly similar hypsometric curve as the 117 

present-day Earth, including very high mountain belts and significant amounts of 118 

continental shelf areas.  Our analysis is based on a sample-based (Cawood et al., 2012) 119 

interrogation of a global dataset of detrital-zircon ages (Puetz and Condie, 2019). 120 

Intuitively, the topography of young, thick crust exposed along magmatic arcs and 121 

collisional orogens resides at higher elevation than older crust that has been extensively 122 

affected by erosion-driven unroofing. While this trend is commonly assumed (Lee et al., 123 

2017), it is also qualitatively observable: a global compilation of crustal ages (Fig. 1) 124 

confirms that, in a scenario of progressively higher-standing sea level, older crust would 125 

be preferentially flooded (Figs. 1-2). This assertion can be made on basis that high 126 

elevation active margins preserve sediments with juvenile isotopic signatures indicative 127 

of young ages, while older cratonic masses have lower elevations and sediments with 128 

more evolved isotopic signatures (McLennan and Hemming, 1992).  High-elevation crust 129 

is mostly younger than crust in low-elevation cratonic areas, as can be shown by 130 
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evaluating the age-elevation distributions on the modern Earth (Fig. 1), and this feature 131 

is implicitly assumed in many efforts at modeling continental uplift (Lee et al., 2017). 132 

 133 

Figure 2: Schematic diagram 134 

showing the test of continental-135 

freeboard rise presented here. 136 

A. Conceptual comparison 137 

between an early-Earth 138 

scenario with flooded (light 139 

blue) or small (green) 140 

continents (leading to relatively 141 

small catchment sizes and 142 

younger exposed crust) and a 143 

modern-style Earth with greater 144 

freeboard (vice versa). B. Schematic representation of the age distribution of so-called 145 

juvenile and mature detrital sediment samples.  Note that the peaks are schematic and 146 

for illustrative purposes only. C. Predicted changes in three key parameters in the global 147 

distribution of sedimentary samples that should track the rise of continents. Note that 148 

each point in C relates to one population of detrital zircons extracted from a single 149 

sedimentary sample. 150 

 151 

In a planet with smaller or largely flooded proto-continents, the landscape exposed to 152 

sub-aerial erosion would have likely been characterized by relatively young rocks (Figs. 153 

1-2). On the contrary, widely exposed landmasses, featuring a mixture of both prominent 154 

and low-lying topography, would have comprised, on average, older exposed rocks. 155 
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Hence, detrital sediments from an early Earth with largely flooded continents would have 156 

differed in two major ways: 1) watersheds would have been comparatively smaller with 157 

respect to their host continent, yielding detrital minerals with more homogenous age 158 

distributions (as shown in detrital modes from the upper reaches of large river systems; 159 

(Mapes, 2009)), and 2) watersheds would have been dominated by young crust that was 160 

preferentially exposed above the higher-standing ocean (Fig. 1). These two attributes 161 

can be globally quantified by analyzing the detrital zircon record on a sample-by-sample 162 

basis. We use the following simple metrics for each sample: a) the age of the maximum 163 

probability density in its age spectrum, i.e. the age and height of the largest (modal) 164 

peak, and b) the relative age difference between the depositional age and the 75th-165 

percentile age (which represent, respectively, a first-order approximation of the sample’s 166 

maximum depositional age, and the slope of its cumulative probability curve (Cawood et 167 

al., 2012)).  An important point is that age spectra will inherently appear ‘compressed’ in 168 

older samples, owing to the less varied age distributions at the time of deposition merely 169 

due to the Earth being younger. Here, we correct for this bias by using an age 170 

distribution normalized to the age of the Earth at the time of deposition (see Section 1.2). 171 

 172 

1.2  A Sample-based Analysis 173 

The vast majority of studies that analyze global detrital zircon data take individual zircon 174 

analysis and grouped them by age, or subdivide them by region (Belousova et al., 2010; 175 

Dhuime et al., 2012; Parman, 2015; Spencer, 2020).  While informative, the grouping of 176 

detrital zircons solely based on age or region can mask important information that we 177 

instead have a means to extract in our analysis. Cawood et al. (2012; 2013) showed that 178 

the detrital zircon age distribution of any individual sedimentary rock sample can be used 179 

to infer its tectonic setting (whether it is from a juvenile or mature sedimentary basin).  180 
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This logic is based on the understanding that more juvenile tectonic regions, such as 181 

active subduction zones with young volcanic and plutonic records, are eroded to 182 

produce sediments that contain a very high proportion of young zircon grains.  183 

Alternatively, old continental interiors are eroded to produce mature sediments that 184 

contain zircons with a diverse age range.   185 

 186 

Within this framework, we evaluate the global detrital zircon population, but calculate 187 

age distribution statistics from each sedimentary rock sample.  Thus, each data point in 188 

our analysis represents a single sedimentary rock sample that contains multiple detrital 189 

zircon U-Pb analyses (>40 unique analyses that passed our filtering; see below).  This 190 

sample-based approach can be leveraged to test multiple hypotheses centered on the 191 

recycling and exposure of continental crust through time.  192 

 193 

First, we explore our sample-based analysis to evaluate the presence or absence of 194 

juvenile sediment formation in the rock record.  In this test, we use the detrital zircon age 195 

spread of individual samples to evaluate whether a sedimentary rock formed in a 196 

juvenile sedimentary setting or a more mature cratonic basin (Cawood et al., 2012).  197 

Preferential preservation during supercontinent assembly has been proposed to have a 198 

major control on the modern age distributions of continental crust (Cawood et al., 2013; 199 

Dhuime et al., 2012; Hawkesworth et al., 2010), yet two distinct versions of this 200 

preservation bias may exist, each calling upon different mechanisms.  The first 201 

hypothesis posits that supercontinent assembly generated a significant and rapidly 202 

imposed preservation bias, such that age peaks should be minimal during time-periods 203 

not characterized by supercontinent tenure (Hawkesworth et al. 2010; 2017; 204 

Hawkesworth and Kemp, 2006). This type of bias would suggest that recycling of 205 
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continental material was relatively constant over time but that magmatism produced 206 

during supercontinent formation was preferentially shielded from recycling (e.g., Dhuime 207 

et al. 2012; Hawkesworth et al. 2017) and zircon grains from these supercontinent 208 

magmas dominate the sedimentary record right after super continent formation.  The 209 

second hypothesis suggests a more gradual onset of the preservation bias where crust 210 

production occurred relatively constantly over time but preferential recycling of crust with 211 

certain ages occurred later (Spencer, 2020), possibly due to instability in crustal blocks 212 

causing them to be recycled more readily.  A full discussion of these models is outside of 213 

the scope of the present work and the reader is pointed towards the references above 214 

for more thorough evaluation. A third hypothesis, one that calls for more limited 215 

preservation bias, has also been proposed (Condie, 1998; Parman, 2015), and suggests 216 

that age peaks in modern detrital zircon should be present in the rock record back in 217 

time due to real pulses of juvenile magmatic addition to the continental crust over time. 218 

We can use our dataset to refine these models by specifically investigating the whether 219 

juvenile crust formation peaks indeed exist at all stages of Earth history independent of 220 

supercontinent cyclicity (Parman, 2015; Spencer, 2020), however our data set cannot be 221 

used to comment on the root cause, whether it be rapid-onset preservation bias 222 

(Cawood et al., 2013; Dhuime et al., 2012; Hawkesworth et al., 2010) or truly pulsed 223 

crustal growth (Condie, 1998; Parman, 2015).  224 

 225 

We follow this evaluation of preservation bias by formulating a hypothesis regarding 226 

continental crust exposure level throughout Earth history.  This hypothesis is then tested 227 

by investigating the relative proportions of sedimentary records bearing populations of 228 

detrital zircon with large age ranges. If early continents were preferentially flooded, the 229 

exposed crust would be dominated by younger igneous rock suites and would produce 230 
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populations of detrital zircon with narrow age distributions.  Notably, the comparison of 231 

different age distributions throughout geological time is non-trivial and requires 232 

correcting for the age of the Earth at the time of sedimentation (see Section 2.0). Armed 233 

with these hypotheses, we can use our sample-based strategy to test the timing of the 234 

rise of continental freeboard. 235 

 236 

1.3 Statistical correction of age bias 237 

As the age of the Earth increases with time, younger sediments will naturally include 238 

zircons with ages that cover a larger age range (expressed in Ma).  This natural bias 239 

must be corrected for in order to compare sedimentary samples, and detrital zircons, 240 

across Earth history.  Various attempts have been made to account for this bias 241 

(Cawood et al., 2012; Spencer, 2020), which have employed a simple subtraction of the 242 

depositional age from the detrital zircon crystallization age, yielding a dimensional 243 

relative age in Ma.   244 

 245 

We argue that such an approach imparts a critical bias when cumulative density 246 

functions are applied, such that some features interpreted to reflect a systematic 247 

increase in zircon age diversity (Spencer, 2020), are in fact an calculation artefacts. To 248 

support this thesis, we consider a hypothetical sample derived from a 3.0 Ga sediment.  249 

If this hypothetical sediment contained a 4.5 Ga zircon grain, that zircon grain would 250 

roughly be as old as the age of the Earth at the time of deposition, yet when plotted with 251 

the differential-age method (4.5 - 3.0 Ga), it would yield a calculated age of 1.5 Ga. 252 

Were a modern sediment to incorporate a detrital zircon as old as the age of the Earth, it 253 

would be again a 4.5 Ga zircon grain, which would yield a calculated relative age of 4.5 254 

Ga (4.5 – 0 Ga).  Though both sediments incorporated zircons that were as old as 255 
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possible at the time they possibly could be at the time of deposition, the relative ages 256 

calculated using the simple subtraction method yield vastly different dimensional ages 257 

(1.5 Ga vs 4.5 Ga).  Thus, older samples cannot, using this calculation, produce a 258 

cumulative density function similar to modern sediments using a differential approach, as 259 

they will, by definition, attain steeper-sloping patterns in a cumulative age-density plot. 260 

An analytically more coherent approach is to normalize each zircon grain’s crystallization 261 

age to the age of the Earth at the time of deposition. This yields:  262 

 263 

(1)     𝑇∗ = "!#""
"##""

 264 

 265 

where 𝑇∗ is the normalized age fraction, 𝑇$ is the zircon age, 𝑇% is the age of the 266 

sediment, and 𝑇& is the age of the Earth. Using this function when likewise considering a 267 

4.5 Ga zircon grain in the hypothetical 3.0 Ga sediment would return a normalized age 268 

fraction of ~1 (that is: (4.5 - 3.0) / (4.568 - 3.0)). The exact same result will occur when 269 

considering a zero-age sediment with a 4.5 Ga detrital zircon grain.  In other words, our 270 

approach returns a non-dimensional differential age metric that significantly reduces the 271 

biases between samples of different vintages.  272 

 273 
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Figure 3: A simple 274 

model showing the 275 

benefits of non-276 

dimensional over 277 

dimensional age analysis 278 

for the comparison of 279 

detrital samples across 280 

Earth’s history. A) Plot 281 

showing the sediments 282 

and their age fractions 283 

(offset so to avoid overlap) as a relative age fraction. B) Plot showing the cumulative age 284 

distributions of the sediments with absolute zircon crystallization ages.  C) Plot showing 285 

the same samples by employing the differential metric of Cawood et al. (2012) and 286 

Spencer (2020).  Note that the older sediments have inherently steeper cumulative 287 

density functions.  D) Plot showing our age-normalized 75th-percentile age, that is, the 288 

dimensional age of the 75th-percentile zircon normalized to the age of the Earth at the 289 

time of deposition (i.e., yielding a fraction of Earth history at the time of deposition).    290 

 291 

The full analytical model is illustrated graphically in Figure 3, where five hypothetical 292 

sediments with depositional ages of 0, 1000, 2000, 3000, and 4000 Ma are considered. 293 

Ten zircon grains are also considered from each sediment in order to create identical 294 

cumulative density curves when normalized to the age of the Earth at the time of 295 

deposition. Each grain represents a fraction (0, 5%, 10%, …, 45%) of the total history of 296 

the Earth at the time of deposition. Thus, for the 0 Ma sediment, the ten grains have 297 

ages of 0 Ma, 228.4 Ma, 456.8 Ma, etc. while the zircon from the 4000 Ma sediment 298 
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have crystallization ages of 4000 Ma, 4028.4 Ma, 4056.8 Ma, etc. As illustrated above, 299 

these crystallization ages, when converted to differential ages by subtracting the 300 

depositional age from them, yield differential ages that are biased by the age of the 301 

sediment, such that older sediments always produce steeper cumulative density 302 

estimators (see Section 3.2).  However, when using our dimensionless differential age 303 

metric, all samples return the same values for the 75th-percentile (dimensionless) age 304 

fraction. 305 

 306 

2.0 Dataset and analysis 307 

We extracted the sedimentary portion of the most recently published U-Pb age database  308 

(Puetz and Condie, 2019) containing 681,903 total individual detrital zircon analyses.  We  309 

then filtered analyses with <20% discordance (n = 415,314), and sedimentary rock 310 

samples with >40 concordant zircon analyses (total unique samples n = 6,427), yielding 311 

4,248 accepted samples (Fig. 4; Supplemental Material). For the individual zircon age 312 

determinations, we used the ‘best age’ as determined by Puetz and Condie (2019).  313 

Samples with a small age range, few age peaks, relatively young (i.e., at or near the 314 

depositional age) modal ages, and steep cumulative age curves are termed ’juvenile’, 315 

while samples with the inverse parameters are referred to as ’mature’ (Cawood et al., 316 

2012). Our attributions refer de facto to the maturity of the watershed sourcing the 317 

sediment and, importantly, no relationship to physical or chemical maturity of the sediment 318 

itself, or the composition of the magmas from which the zircon was derived, is explored or 319 

implied. Furthermore, juvenile and mature samples are expected to have been sourced 320 

by watersheds characterized by, respectively, small and large surface areas relative to 321 
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their hosting continent. As such, our analysis of rising freeboard should not be confounded 322 

with absolute estimates of surface areas exposed above the global ocean. 323 

 324 

The sample-based analysis was conducted using the statistical analysis packages in the 325 

R programming language (R Core Team, 2013) and the code for data reduction is 326 

included as Supplementary File #1 so that the analysis conducted here can be quickly 327 

and accurately reproduced.  In summary, a kernel density estimator (KDE) was created 328 

for each sample using a defined bandwidth (20 in Fig. 4 but see Supplemental Material 329 

for variations).  The parameters of interest (modal and 75th-percentile ages) were 330 

extracted from the density estimator for each sample along with the depositional age.  331 

These values were recorded and plotted in all the figures shown here. Each unique data 332 

point on our figures represents a single sedimentary rock sample that contained >40 333 

individual zircon U-Pb age determinations that passed our filtering metrics. The rock 334 

types for each sample can be found in Supplementary Table S1.   335 

 336 

To evaluate potential geographic or filtering biases imparted on our dataset, we 337 

performed the exact same statistical analysis on variants of the database produced by 338 

filtering in different ways.  First, we filtered the entire dataset by continent.  Each 339 

continent’s dataset was reduced using the same filtering metrics as those used in the 340 

main Figures, with discordance < 20%, number of analyses per sample > 40, and a KDE 341 

bandwidth of 20 Ma.  This continent-specific plot is shown in Figure S1.  No bias is 342 

imparted on the dataset due to modern geographic distribution, at least outside of 343 

random sampling errors.  All cratons with more than ~300 individual samples show the 344 

same general trends.   345 

 346 
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In order to evaluate the potential for biases imparted by our filtering procedure, we also 347 

performed the same statistical analysis for datasets filtered using a range of variations.  348 

We filtered the full sedimentary portion the Puetz and Condie (2019) using a range of 349 

discordance filters (5%, 10%, 20%, 30%), number of analyses (20, 40, 80), and 350 

bandwidths (10, 20, 30).  The variability induced by changing these filtering metrics is 351 

shown in Figure S2.  Even with more aggressive filtering (i.e., when decreasing the 352 

acceptable discordance to 5%), there are no significant changes in the distribution of 353 

juvenile vs. mature samples or proportions of major age modes between datasets 354 

created using different filtering metrics.  This result shows that our analysis is robust 355 

across a range of filtering metrics, and the trends that are presented below can therefore 356 

be interpreted as real features of this dataset and not as artifacts of filtering biases.   357 

 358 

 359 

3.0 Results and Discussion 360 

3.1 Episodic continental magmatism or crustal preservation? 361 

Our analysis yields some insight on the longstanding debate regarding the preservation 362 

of bulk continental crust. Since zircon is produced during crystallization of felsic crust, 363 

peaks in global zircon ages have been classically related to punctuated continental 364 

growth (Condie, 1998; Parman, 2015). This thesis has been challenged in favor of an 365 

alternative view where the modern zircon-age distribution is controlled by preservational 366 

or re-working related biases (Dhuime et al., 2012; Hawkesworth et al., 2009; Spencer, 367 

2020). Importantly, the proposed timing of the onset of any preservational bias varies in 368 

the literature.  Some work suggests that bias is imparted during supercontinent cycles 369 

where many zircons, but not necessarily new crust, are produced and such new zircon 370 

bearing rocks dominate the detrital spectra of younger sediments (Cawood et al., 2013).  371 
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Other work suggests that age peaks occur throughout the rock record, and that the 372 

modern distribution of zircon age peaks only more recently become prevalent (Spencer, 373 

2020), suggesting that preservational bias may have been imparted gradually throughout 374 

Earth history.  This second model requires a very different mechanism than those 375 

suggested by rapidly imposed bias during supercontinent assembly.  Thus, the 376 

preservational bias argument can be broken down into two camps, those arguing for 377 

rapidly imparted bias at times of enhanced zircon production but not necessarily new 378 

juvenile crust, and those arguing for a gradual onset of the proposed bias.  379 

 380 

Through our novel sample-based analysis, we provide a test of the gradual onset of 381 

preservational bias argument proposed in Spencer 2020. Previous estimates of the 382 

growth rate of continental crust that used detrital zircons interpreted the full detrital data 383 

set in aggregate; that is, the data set was divided up by age, but interpreted globally for 384 

any given time interval.  We contend that this approach can lead to mixing issues, as the 385 

global dataset inherently integrates signals from different locations, potentially masking 386 

real trends. A sample-based analysis such as the one employed here does not suffer 387 

from this problem.   388 
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 389 

Figure 4: A) Modal age peak plotted against the depositional age of the sedimentary 390 

unit. The kernel density estimator at the top shows the total distribution of modal age 391 

peaks from the samples that passed our filtering metrics. B) A time-lapse view of the 392 

same data shows that modal age peaks are consistently present in the sedimentary 393 

record, as are valleys in the modal age record.  The data in A are grouped in 250 Ma 394 

bins and the distribution of sample modal ages are shown with a kernel density estimator 395 

function. The major age peaks remain prevalent, yet there are portions of Earth history 396 

where very few sedimentary samples have modal ages at the time of deposition.  In 397 

other words, there are very few ‘juvenile’ sedimentary samples, suggesting that juvenile 398 

crust production was limited during these intervals. The shaded peaks in the right panel 399 

represent the 2nd modal age peaks in each sample.  400 

 401 

Our approach compares the modal age within each sample against the depositional age 402 

(Fig. 4) and shows that modal peaks in individual samples cluster around specific ages.  403 

This analysis is similar to that undertaken by Parman (2015) and Spencer (2020) in that 404 
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it interprets the zircon age distribution as a function of time.  However, our analysis 405 

differs in that each sample is interpreted on its own and compared to other samples 406 

globally.  Note that our analysis shown in Fig. 4 does not correct for the age of the Earth 407 

at the time of deposition; the ages plotted in this figure are real ages in Ma in order to 408 

extract information on the actual timing of zircon age peaks.  True pulses of zircon 409 

production would manifest as discrete patterns of dominant modal ages – indiscriminate 410 

of sedimentation age (Fig. 4A) - and also periods of scarce or absent zircon production 411 

(see near 2.3 Ga in Fig. 4A), whilst age distributions controlled by a gradually increasing 412 

bias would manifest as gradually narrowing bands towards younger times owing to 413 

preferential preservation.  In the latter scenario, peaks occurring throughout Earth history 414 

would only recently become dominant due to recycling of unstable portions of the 415 

continental crust.  416 

 417 

Our analysis shows that extant modes in igneous rock ages were formed, and 418 

maintained, throughout Earth history as discrete peaks (Figs. 4-5). Importantly the gaps 419 

between these peaks are also self-consistent throughout geologic time. Figure 4A shows 420 

that fewer juvenile samples (i.e., plotting near the 1:1 age line) accumulated between 421 

major crustal magmatic events, suggesting less preserved magmatic. Notably, at a 422 

global scale and within any given age interval, there is little difference between the 423 

distributions of the first and second mode in a detrital zircon age spectrum (Fig. 4B).  424 

This feature corroborates the thesis of preservation not introducing a major bias in the 425 

analysis of zircon-age peaks.    426 
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 427 

Figure 5: Kernel density 428 

estimators for the global 429 

detrital zircon age record 430 

broken apart by 431 

depositional age. Note 432 

that this analysis is a not 433 

a sample-based 434 

analysis, and the kernel 435 

density estimators 436 

contain individual 437 

analyses of single zircons grouped by 100 Ma age bins. The lighter blue KDE curves 438 

define periods of time where the modal age in that age bin is >200 Ma older than the 439 

minimum age.  For instance, the age bin of 1600–1500 Ma depositional ages has a 440 

modal age that is ~1750 Ma.  Arrows point to periods of Earth history where modal ages 441 

are >200 Ma older than the minimum depositional age, indicating that crust production 442 

was more limited, or that bias was nearly instantaneously imparted.  Similar to Figure 4, 443 

major age peaks are present in the sedimentary rock record throughout time, as well as 444 

periods of Earth history that witnessed little juvenile crust formation. 445 

 446 

Our sample-based analysis clearly shows that individual samples contain modal age 447 

peaks that are similar throughout the rock record, independent of depositional age – a 448 

feature that suggests either punctuated zircon production, and/or an instantaneous 449 

preservation bias imparted immediately upon the rock record (e.g. Dhiume et al. 2012; 450 

Hawkeworth et al. 2009; Parman, 2015).  This feature is, however, manifest in the data 451 
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when the global dataset is grouped by depositional age but not divided by sample 452 

(Figure 5).  This is contrary to the analysis by Spencer (2020), who concluded that new 453 

crust was formed at all periods of Earth history and age peaks in the detrital record only 454 

recently became prevalent.  Our analysis shows that age peaks are a global feature of 455 

the sedimentary record, independent of depositional age (e.g. Parman 2015; c.f. 456 

Spencer, 2020).  This inference is corroborated when evaluating time periods with 457 

depositional ages that do not overlap with dominant age peaks (e.g., ~2.3 Ga and 1.3 458 

Ga), where sediments accumulated in this time period do not contain dominant zircon 459 

age peaks near the time of deposition.  The occurrence of age-density peaks and 460 

minima independent of depositional age, both when using our sample-based approach 461 

and a global homogenization approach, strongly emphasizes the results of Parman 462 

(2015), thereby suggesting that the global sedimentary record records either punctuated 463 

zircon production, or that preservational bias (if present) was immediately imprinted 464 

upon the rock record during crust formation.  465 

 466 

Additionally, our dataset sheds light on the rates of crustal recycling throughout Earth’s 467 

history. Previous analyses of the detrital and rock record have suggested that Archean 468 

crustal recycling rates were much higher than modern (Parman, 2015), a notion allied to 469 

large volumes of continental crust having already been present by 3.0 Ga and then later 470 

destroyed (Dhuime et al., 2012). We argue against rapid Archean crustal recycling and 471 

propose instead a scenario of steady recycling (either by erosion, intracrustal reworking, 472 

delamination, etc.).  This conclusion is based on the 3.4 Ga modal age peak occurring in 473 

sediments across a wide timescale, including those <600 Ma (Figs.  4-5) and significant 474 

peaks at 3.4 and 2.7 Ga occurring in proportions that gradually decline throughout 475 

geological time at relatively constant rates (Fig. 4B). Notably, the proportional decrease 476 
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in the prevalence of modal 3.4 Ga and 2.7 Ga peaks is nearly identical to that of the 477 

younger 1.9 Ga and 1.1 Ga age peaks, confirming akin rates of Archean and younger 478 

continental-crust erosion.  Importantly, this analysis does not describe the mechanisms 479 

of crustal loss, whether it be erosional or intra-crustal melting and recycling.  However, it 480 

does highlight that continental destruction rates, may not have significantly changed 481 

since the Neoarchean especially in the upper portions of the continental crust. 482 

Importantly, many modern analyses indicate that mobile lid tectonics may have begun 483 

much earlier in Earth’s history (Bauer et al., 2020; Harrison, 2009). 484 

 485 

Figure 6: A moving-486 

average calculation of the 487 

proportion of sediments 488 

whose modal age peak 489 

falls into a range near 490 

(within 100 Ma) specific 491 

age peaks. This 492 

calculation produces an 493 

average proportion every 50 Ma with a window of 250 Ma. Bold lines show the 494 

proportion of each modal peak, and thin lines show the proportion of the 2nd largest peak 495 

in each kernel density estimator.   496 

 497 

3.2 The gradual rise of continental crust 498 

Our analysis shows a general lack of samples with diverse zircon age spectra prior to 2.8 499 

Ga (Fig. 2, 4), and also a higher density of juvenile samples prior to 3.0 Ga. By 500 

comparison, sediments deposited post ~2.8 Ga contain both juvenile and mature source 501 
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signatures, meaning that their respective catchments contained a diverse suites of rock 502 

ages.  Notably, no step-wise function in any of our metrics plotted as a function of age is 503 

apparent after 2.8 Ga. Furthermore, as no significant changes in data distributions are 504 

observed when samples are separated by modern location, our results are not skewed by 505 

systematic sampling bias (Figs. S1–S2). While potential preservation biases may exist, 506 

our analyses suggest that continents were barely emergent prior to 2.8 Ga (see schematic 507 

in Fig 2A), consistent with the exceptional paucity of sediments older than Mesoarchean 508 

(Fedo et al., 2001).  The dominance of samples with large age distributions at ~2.8 Ga 509 

(Figs. 7-8) indicates that sedimentary systems with well-integrated drainage basins formed 510 

near the end of the Mesoarchean, indicating that there was substantial continental 511 

exposure at this time. Our inference of global continental rise in the Mesoarchean is 512 

corroborated by the U-Pb age distributions of sediments older than 3.2 Ga, which are 513 

dominated by zircons only slightly older than the sediments themselves (Fedo et al., 2001; 514 

Kamber et al., 2005).   515 

 516 

Figure 7: A time-series 517 

analysis of the global 518 

detrital zircon dataset 519 

broken apart by age, 520 

and not by sample. A) 521 

The cumulative density 522 

curve using a 523 

differential zircon age 524 

(zircon age minus 525 

sediment age), 526 
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separated in 100 Ma age bins.  The systematic shift with age is a function of the 527 

differential age metric used (Fig. 3). B) The same sample populations using the 528 

dimensionless relative age fraction metric, where there is very little shift in cumulative 529 

distribution. C) The depositional age plotted against the relative 75th-percentile age of 530 

each 100 Ma age grouping.  The solid line is the moving average for our sample-based 531 

analysis (Figure 8B) and 2 s.e..   532 

 533 

The general lack of very mature samples prior to 2.8 Ga suggests that erosion was 534 

occurring on landmasses that contained a relatively restricted and dominantly young 535 

bedrock-age distribution.  A complementary analysis of the same data used here has 536 

been recently proposed by Spencer (2020), who analyzed the dataset on a global to 537 

regional scale without a sample-based approach.  Spencer (2020) interpreted the 538 

uniform, and relatively young, age peaks of >2.8 Ga sedimentary units to reflect rapid 539 

recycling of continental crust on the early Earth, similar to the conclusions of Parman, 540 

(2015). The sample-based analysis used here does not suffer from potential mixing 541 

issues, where different rocks from unrelated geologic settings are blended together in 542 

the analysis, potentially mixing signals.   543 

 544 

The apparent discrepancies between Spencer’s (2020) and our conclusions can be 545 

attributed to the choice of a differential, rather than nondimensional, age metric (Fig. 3).  546 

Their differential metric incorrectly invokes a systematic increase in detrital zircon age 547 

diversity over time.  The resulting plot (Fig. 7A) shows an apparent increase in zircon-548 

age diversity as a function of age, with younger samples having a flatter cumulative 549 

density function.  This conclusion, again, directly conflicts with our results (e.g., Figs. 4, 550 
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7B-9), and is an artifact of the differential, rather than nondimensional analysis that is 551 

preferred here.  552 

 553 

 554 

Figure 8: The 4248 individual samples having more than 40 analyses that are less than 555 

20% discordant, for a total of 415,314 individual zircon analyses. The inferred 556 

depositional age is plotted against the two key metrics outlined in Fig. 2. A) relative age 557 

spread between the modal age and the age of the sediment (normalized to the age of 558 

the Earth at the time of deposition; see Fig. 3 for the calculation), colored by the 559 

maximum probability density in the kernel density estimator.  The inset shows the mean 560 

and 2 s.e. uncertainty about the mean at the same scale as A. B) The relative slope of 561 

the cumulative density estimator colored by the number of analyses. In both plots, the 562 

relative age is determined by dividing by the age of the Earth at the time of deposition 563 

((modal age – depositional age) / (4568 – depositional age)) such that zero on the x-axis 564 

represents the time of sediment deposition and one represents the age of the Earth.  565 

Note that the curving downwards clusters of data in (A) are age peaks recorded in the 566 

zircon record, and that they show up throughout geological time as modal peaks with 567 

clear gaps between them (Figs. 4–5).  Arrows point to periods of time where no juvenile 568 
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samples exist, which correspond to an increase in the moving average of both metrics 569 

(insets).   570 

 571 

Using our relative age-fraction metric and sample-based approach, individual samples 572 

can be compared by extracting their 75th-percentile relative age fraction without bias 573 

(Fig. 8B).  This approach shows that only the very earliest sedimentary samples found 574 

on Earth are dominated by truly juvenile zircon age distributions.  That is, pre-2.8 Ga 575 

samples have steep cumulative density functions and are dominated by zircons with 576 

ages near the depositional age. This result also appears when comparing sedimentary 577 

zircons in bulk, i.e., when dividing the total global dataset into age bins as opposed to by 578 

sample (Fig. 7).  This analysis likewise shows that only the oldest age groups have 579 

juvenile signatures, and that no significant difference can be gleaned between age 580 

diversity distributions in sediments younger than 2.8 Ga.  Whereas an increase in age 581 

diversity is observed in the Phanerozoic (Fig. 7C), substantially increased sediment 582 

preservation above the Great Unconformity may account for such trend (Keller et al., 583 

2018); importantly, this feature cannot be due to the gradual onset of preservation bias 584 

as discussed above.   585 

 586 

Our global sample-based analysis yields detrital distribution data for >4000 samples.  In 587 

Figure 7, we break down the entire dataset using the 75th-percentile relative age fraction 588 

metric and a moving-average calculation.  In this figure, we show the fraction of total 589 

samples (in a 250 Ma moving age window) that have modal ages that are 0-0.2, 0.2-0.4, 590 

and >0.4 of Earth history at the time of deposition (Fig. 9A).  We also show the 591 

proportion of sediments with the same distribution of 75th-percentile relative age fractions 592 

(Fig. 9B).  Both of these metrics show that mature samples, i.e., those with shallow 593 
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cumulative age distributions, only appear in the rock record after 2.8 Ga, after which they 594 

remain in relatively constant proportion for the rest of Earth history.   595 

 596 

3.3 Comparison with global Meso- Neoarchean trends and events 597 

We integrate our sample-based analysis with the existing sedimentary rock record and 598 

suggest an alternative scenario to rapid Archean crustal recycling invoked by others 599 

(Parman, 2015; Rosas and Korenaga, 2018; Spencer, 2020). Specifically, we interpret 600 

the global detrital zircon dataset to indicate that sedimentary systems produced juvenile 601 

signatures owing to early landmasses not having been fully emerged above sea level. 602 

On a primordial Earth, the only crust exposed above the ocean surface would likely have 603 

been that of volcanic edifices, the dismantling of which would have yielded sediments 604 

with age peaks near the age of sedimentation.  This scenario is envisaged to be similar 605 

to the modern circum-Pacific region, where volcanic-island chains dominate the exposed 606 

crust, and where sediments and their detrital age peaks are controlled mainly by young 607 

eruptions (Spencer, 2020). 608 

 609 

Our findings are also consistent with the sedimentological record in the Neoarchean, a 610 

time period that witnessed the rise of shale-forming basins near 2.6 Ga, e.g., (Altermann 611 

and Nelson, 1998; Knoll and Beukes, 2009), eventually leading to the increased input of 612 

sedimentary rocks into the magmatic system (Keller and Schoene, 2012; Valley et al., 613 

2005). Additionally, the seawater Sr isotope curve, which parallels the mantle composition 614 

up until approximately 3.0 Ga, becomes more radiogenic than the mantle, indicating 615 
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erosion of high Rb/Sr continental crust only after ca 3.0 Ga (Cawood et al., 2013; Flament 616 

et al., 2013), though there is some uncertainty in the true timing of this departure. 617 

 618 

Figure 9: Moving averages of the proportions of sediments with a given age distribution.  619 

A) The breakdown of the proportion of sediments with relative modal ages at a given 620 

depositional age. Each line shows the proportion of samples with a given relative age 621 

spread and is calculated in a moving average every 50 Ma with a 250 Ma bin width (125 622 

Ma on either side of the mean age of the bin). B) The same moving average calculation 623 

except using relative age of the 75th percentile of the cumulative density function.  In 624 

both plots, juvenile samples are yellow-green colors and have a low relative age spread 625 

(steep cumulative density curve), whilst continental sediments are darker blue colors 626 

have a high relative age spread (shallow cumulative density curve).  Very mature 627 

sediments, defined here as having a large spread in zircon ages, do not appear until 628 

~2.8–2.7 Ga in the sedimentary rock record.   629 

A rise in global freeboard at ca. 2.5 Ga (Bindeman et al., 2018; Kump and Barley, 2007), 630 

i.e. >200 My after our estimate, has been previously proposed based on shale oxygen-631 

isotope data and occurrences of subaerial continental flood basalt volcanism. We 632 

reconcile this apparent discrepancy by first noting that a higher proportion of continental 633 
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flood basalts throughout the Neoarchean are subaqueous, with a change to dominantly 634 

subaerial since 2.5 Ga (Kump and Barley, 2007). As continental flood basalts often 635 

occur at lower elevations (White and McKenzie, 1989), they are inherently sensitive to 636 

low-amplitude variations in sea level (i.e., of tens to a hundred of meters), so that large 637 

scale orography and subaqueous flood basalt magmatism can occur coevally. 638 

Furthermore, we contend that the observed shift in shale oxygen-isotope compositions – 639 

interpreted to record changes in water-rock interactions driven by continental uplift at 640 

<2.5 Ga – does not record the first rise of continents above sea level, but instead the 641 

birth of significant topographic relief (Bindeman et al., 2018). A rise in d18O of bulk shales 642 

has also been invoked to record the onset of large-scale orogenesis near this time 643 

interval (Bindeman et al., 2016).  Finally, an increase in the average d18O signature of 644 

zircons has been also inferred to record ca. 2.5 Ga or younger continental uplift, due to 645 

an increase in the sedimentary input into magmatic systems (Valley et al., 2005). 646 

However, the magmatic record of sedimentary recycling did in all likelihood offset 647 

temporally the beginning of sediment production. However, more recent compilations 648 

(Keller et al., 2018) show an initial d18O rise closer to 3.0 Ga.  649 

 650 

In combination, these observations highlight that the Neoarchean Earth witnessed the 651 

gradual rise of continental crust above sea level at a global scale.  Our analysis shows 652 

that uplift and erosion of older, previously submerged, continental crust began just after 653 

3.0 Ga as evidenced by the first occurrence of mature detrital age distributions (Figs. 5-654 

3).  In the rock record these sediments often occur as cratonic cover group sequences 655 

(Donaldson and de Kemp, 1998; Eriksson and Donaldson, 1986; Sircombe et al., 2001) 656 

deposited on older basement gneisses.  Over the following ~400 Ma of Earth’s history, 657 

signatures of progressive continental rise are recorded by mature samples (Robb and 658 



 

 

31 

 

Meyer, 1995), by the preservation of shale basins (indicating vigorous weathering of 659 

large continental masses; (Tosca et al., 2010)), a shift to dominantly subaerial volcanism 660 

(Kump and Barley, 2007), and the subsequent recycling of sediments into the igneous 661 

rock system (Valley et al., 2005), culminating with large-scale orography and weathering 662 

near 2.4 Ga (Bindeman et al., 2018).  Importantly, the gradual rise of continental crust 663 

shown here began near 3.0 Ga, a timeline that coincides with some of the earliest 664 

evidence for preserved mantle lithosphere (Pearson et al., 2007), which might have 665 

provided a potential mechanism for the stabilization of large swaths of continental crust 666 

above sea level in this interval. Regardless of the mechanism, our analysis shows that 667 

the Mesoarchean saw the rise of mature detrital-age distributions.  We interpret these 668 

trends, in light of other geologic and geochemical data, to reflect the earliest first major 669 

exposure of continental crust above sea level, and suggest that this period in Earth 670 

history marked the beginning of a gradual rise of continental freeboard throughout the 671 

Neoarchean, a process that would take over 500 Ma to complete.  672 

 673 

4.0 Outlook and conclusions 674 

To summarize, our metrics shed new light on the exposure, and preservation of 675 

continental crust throughout Earth’s history. We show that continental crust has 676 

maintained modern-style patterns of preservation, while sustained freeboard has been 677 

present since at least 2.8 Ga. Using this chronological tie point and observing that the 678 

earliest widespread record of stable-platformal sedimentation dates back to 3.2–2.7 Ga, 679 

we conclude that modern continents not only emerged above the global ocean, but also 680 

developed mature watersheds relative to their hosting landmasses, at around the Meso- 681 

to Neoarchean transition. This process kick-started a global, large-scale ocean-ward 682 

delivery of sediment that, once integrated with sediment recycling along subduction 683 
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zones, ultimately set the stage for a fully functional rock cycle on Earth. The widespread 684 

emergence of continental crust at 3.2–2.7 Ga has weighty implications for our 685 

understanding of linked crust-atmosphere evolution. First, the emergence of continental 686 

crust increases the source for weathering of felsic rocks, providing a major CO2 sink 687 

though chemical breakdown of silicate minerals. An important corollary is that the rise of 688 

modern-style continental freeboard long preceded fundamental changes in surface and 689 

atmospheric environment such as the Great Oxygenation Event near 2.4 Ga (Gumsley 690 

et al., 2017). Additionally, as weathering of continental material is the major driver of 691 

phosphorus addition to the oceans, our results imply that the amount of bioavailable 692 

P2O5 was not restricted by continental exposure (c.f., (Lee et al., 2017)) but instead 693 

governed directly by mantle input (e.g., (Keller and Schoene, 2018)) or by more complex 694 

atmosphere-surface water chemistry (Laakso and Schrag, 2014). 695 

 696 

Our dataset speaks to broader similarities between the modern and primordial Earth 697 

than previously envisaged. That zircon age peaks are recorded at every age, and 698 

indices of sedimentary maturation match major increases in globally preserved 699 

sediments speaks to the veracity of the sedimentary rock record. While future zircon-age 700 

compilations may lead to refinement of our conclusions, we demonstrate that simple 701 

sample-based metrics, can be utilized to track secular changes in crustal and surface 702 

processes on Earth. We therefore provide a foundation for future studies on the 703 

relationships between global hypsometry, mantle lithosphere formation, and the rock 704 

cycle, as well as on the long-term chain reactions between crustal growth, surface 705 

processes, and biogeochemical cycling that have eventually sculpted the modern 706 

lithosphere and biosphere.  The progressive rise of continental crust, beginning at the 707 

end of the Mesoarchean, initiated major changes in the Earth system throughout the 708 
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Neoarchean time period culminating with the increase in atmospheric O2 at the end of 709 

the Archean.  710 

 711 

 712 

 713 

 714 

 715 

Data Reduction and plotting scripts: 716 

Data reduction R scripts are attached in a separate file.  The dataset Table S1 needs to 717 

be read into the file and named “puetz.data.raw” on Line 2.  At the end of this script the 718 

file “data.density.parameters” contains the summary metrics for each sample.  An 719 

example plot is included at the bottom that uses the ggplot2 package and makes an 720 

example plot of Figure 2A.   721 
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