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ABSTRACT

Earth’s landscapes, geochemical cycles, and sedimentary record are shaped by the source-
to-sink transport of sediment. Sediment is sourced in erosional landscapes under the influ-
ence of climate and tectonics, transported through net bypass zones that can obscure forcing
signals, and deposited in sinks to build the sedimentary record. Despite the importance of
source-to-sink sediment transport in Earth science, the relative abundance of these domains
remains unquantified, and the extent to which Earth’s surface resembles classic conceptual
models has not been tested. Here we produce a global database of Earth’s source-to-sink
systems. Results show that Earth’s land area is mostly erosional (59 %), with bypass (22%)
and sink (19%) domains less common (18%, 6%, and 76 %, respectively, including oceans
and Antarctica). Higher elevations are likelier to be erosional, with the world’s lowlands and
large rivers disproportionately depositional. Large parts of the world are not described by
the source-to-sink model; these areas are mostly deserts or shields without substantial rivers
or sediment transport. Even in areas that do resemble the classic textbook progression, sys-
tems show exceptional source-to-sink domain variability between catchments and down the
world’s major rivers. While the source-to-sink paradigm remains useful, it cannot describe

the sedimentologically inactive areas that make up much of the world.

INTRODUCTION

Open many introductory Earth science text-
books and you will see Earth’s surface depicted
as a source-to-sink profile (Fig. 1A; e.g., Tar-
buck et al., 2019). This paradigm illustrates the
first-order control of tectonics on surface pro-
cesses, where sediment is generated from uplift-
ing mountains (sources), moves downstream
through tectonically stable regions (bypass),
and deposits in subsiding basins, deltas, and
the ocean (sinks; Meade, 1982). This paradigm
has been used to understand petroleum reser-
voirs (Bhattacharya et al., 2016), carbon cycling
(Leithold et al., 2016), geohazards (Driscoll
and Nittrouer, 2000), landscape preservation
in the rock record (Weissmann et al., 2015),
and climate and tectonic signals in stratigraphy
(Romans et al., 2016; Straub et al., 2020).

Despite the importance of source-to-sink
sediment transport in Earth science, the frame-
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work has never been tested across the modern
Earth surface. This has left basic knowledge
gaps in sedimentology and Earth surface pro-
cesses; we do not know Earth’s relative abun-
dance of sources, bypass zones, and sinks. Even
more fundamentally, we have yet to test whether
Earth’s surface resembles classic source-to-sink
depictions and conceptual models. If there are
areas that do not fit the source-to-sink frame-
work, it is unclear how they should appear and
which criteria distinguish them from regions
that do.

MAPPING GLOBAL SOURCE-TO-SINK
DOMAINS

We harmonized a series of interpreted and
remotely sensed data products to create a global
database of Earth’s sediment sources, bypass
zones, and sinks (Figs. 1C, Supplemental
Material S1!). Using the Global Islands data
set (Sayre et al., 2023), which derived shore-
lines from Landsat images, we defined anything
oceanward of the shoreline as a sink. While all
oceanic deposits are definitionally below base

level and thus within stratigraphic accommo-
dation, accumulation, and preservation space
(Jervey, 1988; Blum and Tornqvist, 2000), this
definition is nonetheless a simplification of com-
plex marine margin processes that deposit, re-
suspend, mix, and further transport sediment
through subaqueous deltas (Steel et al., 2024).
We did not map Antarctica due to a lack of data,
but we assume it is erosional due to pervasive ice
sheets (Nyberg and Howell, 2015). Elsewhere,
we classified glacial or perennial ice areas as
sources using the Pelletier et al. (2016) and
GUM (Global Unconsolidated Sediments Map)
databases (Borker et al., 2018). Areas identified
by Nyberg and Howell (2015) as sedimentary
basins were marked as sinks. These authors
mapped modern basins as analogs for strati-
graphic deposits by identifying broad, flat areas
with recent surface deposits and using itera-
tive rules and manual interpretation to include
known subsiding basins and exclude known
areas of erosion. We also classified 1.4 million
lakes in the HydroLAKES data set (Messager
etal., 2016) as sinks. In our scheme, any lowland
that is not classified as a sedimentary basin must
be a bypass zone. Thus, alluvial channel-belts
that temporarily store sediment in their flood-
plains but are not in subsiding basins are con-
sidered bypass, not sinks, as they are unlikely to
preserve sediment beyond ~10° yr time scales
(Geyman et al., 2025). To distinguish between
sources and bypass, we used the uplands and
lowlands classifications, respectively, of Pel-
letier et al. (2016). These authors identified
young or continuous sedimentary deposits as
lowlands and older or discontinuous regions as
uplands. They added bespoke rules for glaciated
areas and a global inundation and flow-routing
model that accumulated flow, assuming that
areas above a depth threshold were lowlands.
We found that some mountain regions were mis-
classified as lowlands (Fig. S2), which we fixed
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Figure 1. (A) 1-D source-to-sink diagram after Castelltort and Van Den Driessche (2003). (B)
2-D diagram adding complexity. (C) Global map of source-to-sink domains, with some major
systems highlighted and numbered corresponding to Figure 4. Oceans shown in white for
clarity. Relative global and land domain areas below. Inset satellite images © Google Satellite.

(D) Relative land domain areas by binned elevation.

using Hammond’s (1954, 1964) landscape clas-
sifications to reclassify all “lowland” mountain
areas as sources (Karagulle et al., 2017). Finally,
we infilled remaining no-data pixels <500 m
from lakes or <250 m from intertidal zones
(Murray et al., 2019) as sinks. About 0.3% of
non-Antarctic land remained unclassified.

To evaluate uncertainty, we compared our
global map against previously published data
sets of features that we correlated to surface
elements of source to sink systems, including
distributive fluvial systems, avulsions, and a
detailed map of surficial geology across 753,220

km? of the southern USA (see “validation and
uncertainty” in the Supplemental Material).
Our global map agreed with 73%—-95% of local
observations in each data set (Figs. S3 and S4).

GLOBAL MAP RESULTS

We created a spatially continuous high-reso-
lution (250 m) global map of source, bypass, and
sink domains (Martin and Lamb, 2025). Our map
indicates that more than half of Earth’s land sur-
face is erosional (59%), with the remainder split
between bypass (22%) and sink (19%; Fig. 1C).
Including oceans and Antarctica changes the dis-
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tribution to 18% source, 6% bypass, and 76%
sink. All domains appear in all climate settings
and at all mapped latitudes (Fig. S5). The major
mountain chains of the world appear as contigu-
ous strips of sediment source areas with isolated,
coaligned pockets of extensional or strike-slip
sinks (e.g., western USA). These higher eleva-
tions are dominated by sources (Fig. 1D). The
largest contiguous bypass regions are infilled
sedimentary basins (e.g., Amazon River basin).
Sinks are the smallest areal component of the
land surface. They mostly represent subaerial
subsiding deltas, isolated mountainous endorheic
basins, lakes, and inland distributive fluvial sys-
tems (Weissmann et al., 2015). More than three
quarters of the land below 10 m elevation is a sink
and thus has potential to be preserved in the rock
record (Fig. 1D).

Knowing the location of sediment sources,
bypass, and sinks allows for quantitative tests
of stratigraphic community hypotheses. As an
example, it has long been recognized that some
types of rivers will be preferentially preserved
in the stratigraphic record over others (Friend,
1978), but we have an opportunity to systemati-
cally test this idea. To do so, we chose to evalu-
ate rivers by Strahler stream order as a proxy
for size. As a caveat, while global mean water
discharge monotonically increases with Strahler
order (Fig. 2), the sizes of rivers in distributive
systems are not represented well by Strahler
classification, as progressively smaller chan-
nels inherit the higher Strahler order of their
upstream channels, exaggerating their order
relative to their size (Sah and Das, 2017). None-
theless, we evaluated all pixels containing the
2,705,080 reaches (total length = 1.06 x 107
km) in the HydroRIVER (Lehner and Grill,
2013) global data set of topography-derived
river locations with a modeled water discharge
>0.75 m¥/s (Fig. S6). We found that headwater
channels (lower-order, proximal) are dispropor-
tionately located in sources, while trunk chan-
nels (larger-order, distal) disproportionately
occur in sinks (Fig. 2). Rivers of stream order
<3 are less likely to be preserved in the rock
record than the global land average, while those
>4 are disproportionately likely to be preserved.
This trend holds globally despite not control-
ling for climate, tectonics, lithological setting, or
any other variables and suggests that the world’s
largest rivers are likely to be preserved.

If we assumed the source-to-sink diagram
of Figure 1A applied to the entire Earth as a
null hypothesis, we should expect to see con-
centric bands of sink, bypass, and source ring-
ing coastlines. Some areas with ample relief
and substantial rivers do resemble this assump-
tion, especially passive margins like the east-
ern U.S. seaboard where source-to-sink theories
were first formalized (Meade, 1972, 1982) or
the Gulf Coastal Plains of North America (“i”
in Fig. 1C). Most of the world, however, is a
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Figure 2. Discharge, count, and source-to-sink distribution of global rivers, classified by
Strahler stream order, with discharge >0.75 m3/s. For context, gray dashed lines show the
global non-river source-to-sink relative areas.
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Figure 3. (A) Schematic example of how we calculated source-to-sink abundances across
catchments and along rivers. (B) Example application to the Amazon River.
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mosaic where all three domains can abut the
ocean. Large regions are not well-described by
the source-to-sink paradigm, such as very-low-
relief areas like shields or recently glaciated ter-
rains (e.g., Baltic Shield; “ii” in Fig. 1C). These
anomalies exist perhaps because flat crystalline
basement rocks yield little sediment, and glaci-
ated landscapes are too pockmarked by small
lakes to form large drainage areas. Regions with
predominantly aeolian sediment transport also
do not fit the typical progression (e.g., Sahel
and Sahara; Fig. 1C). Finally, endorheic moun-
tain ranges are mosaics of sources with scat-
tered extensional, strike-slip, or anthropogenic
dammed reservoir sinks (Fig. S7) and no clear
overall sediment transport direction (e.g., North
American Basin and Range Province, Tibetan
Plateau; top of “iii” in Fig. 1C).

RIVER AND CATCHMENT ANALYSIS

We also compared individual source-to-sink
systems (“sediment routing systems” sensu
Allen, 2017) to the conceptual model by ana-
lyzing rivers and their catchments. Rivers carry
most of the world’s sediment, organic carbon,
and nutrients from land to oceans (Paola et al.,
2006), and their spatially discrete and contigu-
ous catchments sample most of Earth’s surface.

We analyzed 12 of the world’s largest riv-
ers and their catchments (Table S1; Best, 2019).
These rivers sample a wide range of tectonic and
climatic zones (Figs. S5 and S7), collectively
drain 17% of Earth’s land area, and represent
30% of annual global river discharge (Collins
etal., 2024) and 12% of sediment flux to oceans
(Milliman and Farnsworth, 2011). We extracted
the series of pixels that each river intersects from
its headwater to its terminus and plotted it as a
background color along-stream (Fig. 3A). For
example, following the Amazon River down-
stream shows a broad source-to-sink trend with
local complexity from features like Lake Junin
(Fig. 3B). We also analyzed each river catchment
by summing the source, bypass, and sink pixels
in its drainage area (Fig. 3A). Thus, the relative
abundance of source, bypass, and sink along a
river can be different from across its catchment.

The major river analyses show that rivers fre-
quently encounter and re-encounter many inter-
mediate sinks and even sources as they move
downstream (Fig. 4). Downstream transitions
from sinks to sources or bypass are common,
despite violating the schematic generalized
trend. There is also considerable variabil-
ity between rivers. Some, such as the Murray-
Darling, follow large terrestrial sinks with little
source or bypass, while others, such as the Yang-
tze, are dominated by sources. Catchments have
widely variable relative abundances of source,
bypass, and sinks between the 12 systems, but
systematically contain proportionally more
source and less sink than their rivers encounter
(Figs. 3B and 4).
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DISCUSSION

Earth’s land is mostly eroding. The sources
that feed the source-to-sink cycle, however, are
a small areal fraction of the planet when oceans
are also considered. Further, not all sources are
made alike. Our criteria included both quickly
eroding steep mountains and slowly eroding flat
shields as sources despite their vastly different
impacts on the global sediment cycle. Similarly,
bypass zones can include tectonically inactive
areas far away from the influence of rivers, gla-
ciers, or aeolian processes. Despite the domi-
nance of the source-to-sink paradigm in Earth
science, much of the world is made up of these
understudied, low-elevation, flat sources or dis-
tal bypass regions that are not represented by the
source-to-sink framework as they do not sub-

stantially participate in source-to-sink systems.
We propose that the source-to-sink framework
requires a fourth category for sedimentologi-
cally “inactive” landscapes, defined by choosing
threshold time scales and elevation change rates
of interest, before it can be used to understand
the full suite of Earth surface processes.

One common factor of inactive areas is
that they generally lack substantial rivers. This
suggests that rivers are the key component of
source-to-sink systems as classically conceptu-
alized. Among parts of Earth that do resemble
textbook source-to-sink systems, there is con-
siderable variability between systems in the rela-
tive abundance and sequences of source, bypass,
and sink domains along rivers. This variability
does not obviously scale with catchment area,
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river discharge, or sediment flux (Figs. S§-S10),
but differences in bypass abundance between
systems do imply different abilities to record
climate or tectonic signals as they propagate
from sources where they are generated to sinks
where they are recorded. This is because bypass
regions temporarily store sediment through lat-
eral, not vertical, aggradation, leaving deposits
susceptible to reworking (Durkin et al., 2018)
that delays or obscures signals (Straub et al.,
2020). More specifically, a system’s ability to
accurately record climate and tectonic signals
should vary with the distance between source
and sink and the relative length of any bypass
regions that separate them. While it is not always
easy to measure these distances in ancient sys-
tems, studying modern systems through the
source-to-sink lens helps contextualize strati-
graphic paleogeographic interpretations and the
extent to which ancient systems could record
useful environmental signals.

Our analysis was necessarily limited to the
current Earth surface and thus represents one
snapshot in time. In deep time, however, plate
tectonics have shaped and reshaped continents
and could thus have led to shifts in relative abun-
dances of each domain across Earth’s history.
Periods such as the Cretaceous lacked signifi-
cant mountain-building continent-continent col-
lisions (Scotese et al., 2025), causing lower and
more easily flooded continents and likely driving
an overall shift from sources to sinks. Discerning
these preservation biases over geologic time will
require more fully coupled modeling of con-
tinental evolution and source-to-sink transport
(e.g., Salles et al., 2023).

CONCLUSIONS

We classified Earth’s surface according to
the source-to-sink framework. The data set is
online at https://sourcetosink.mapsof.rocks. We
demonstrated that source, bypass, and sink are
59%,22%, and 19% of the land, respectively, or
18%, 6%, and 76% of the globe. Erosional areas
are a large part of the land but a small fraction
of the world. There are relatively few regions
that resemble “typical” source-to-sink diagrams.
These areas are usually passive margins with
substantial rivers. Large regions of Earth do not
fit the source-to-sink paradigm well. These areas
are usually flat, sedimentologically inactive, and
lack substantial rivers. These areas are under-
studied but represent much of Earth’s surface.
Rivers with Strahler order <3 are less likely
to be preserved than the global land average,
while those >4 are disproportionately likely to
be preserved. We analyzed 12 major rivers, find-
ing exceptional variability in the abundance and
order of source-to-sink domains between and
along rivers and their catchments. The cause for
the variability between systems is not clear but
may reflect differences between large-scale tec-
tonic domains. Though sedimentologically inac-
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tive areas evolve slowly and do not participate in
larger-scale source-to-sink systems, they make
up much of Earth and deserve both recognition
and further study.
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