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ABSTRACT

The late Cambrian to end Ordovician is marked by a long-term climatic cooling, culminating
with the short lived (<2 Ma) Hirnantian icehouse, before recovering to warmer climates.
Increased silicate weathering during the Laurentian Taconic orogeny, driven by the accretion
of ocean island arcs and obduction of ophiolites, has been invoked as a causal mechanism to
help explain cooling. However, prior to their accretion or obduction through arc-continent
collision, these will have occurred as a series of mafic—intermediate volcanic islands. At the
present-day, oceanic island arcs located in equatorial regions contribute the highest silicate
weathering flux globally. We demonstrate that the abundance and evolution of low latitude
ocean arcs in the late Cambrian and Ordovician can help account for gradual cooling over this
time. We extract estimates of ocean arc lengths from a full-plate reconstruction and, using

constraints from the present day, parameterise their potential contribution to the silicate



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

weathering cycle within an Earth System model (SCION). We show that ocean arc weathering
induces a minimum cooling of 1-2°C, and up to 5-7°C in our preferred scenario and helps
reconcile model strontium and osmium isotope records with geochemical proxy data. We
conclude that the prevalence of ocean-arcs and associated delivery of mafic weathering
material was an important contributor to silicate weathering at this time and could be an

overlooked CO2 drawdown mechanism throughout Earth history.

INTRODUCTION

The late Cambrian to Ordovician Earth (~500—445 Ma) was marked by growing biodiversity
and cooling climate. The fossil record during this time reveals one of the most significant and
sustained periods of biodiversification, with family and genus level taxa increasing 3—4 fold
(Droser et al., 1996; Sepkoski, 1996; Servais et al., 2010). This increase in biodiversity has
usually been explained by a cooling climate, where equatorial mean sea surface temperatures
were proposed to fall from ~40°C in the late Cambrian towards modern day values of 25-30°C
during the Ordovician enlarging the habitable range for organisms, (Trotter et al., 2008), before

reaching their lowest point during the Hirnantian glaciation at ~445 Ma (Finnegan et al., 2011)

(Fig. 1).

Potential causal mechanisms for global cooling during the Ordovician are varied, though the
protracted nature of cooling is widely considered to require a continuous tectonic driver
(Edwards et al., 2017; Marcilly et al., 2022). Hypotheses include: a decrease in solid-Earth
degassing (McKenzie et al., 2016); an increased exposure of weatherable rocks around the
tropics, particularly through ocean arc-continent sutures (Kump et al., 1999; Swanson-Hysell

and Macdonald, 2017); evolution of land plants and beginning of the terrestrial organic carbon
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pump (Lenton et al., 2012); an increase in marine organic carbon burial (Brenchley et al., 1994)
and changes in paleogeography and sea level (Pohl et al., 2014). However, numerical models
that largely include these processes fail to reconstruct the observed extent and timescale of
cooling (Mills et al., 2021; Marcilly et al., 2022), suggesting that there could be a missing key
component. The low-latitude weathering of oceanic island arcs (Swanson-Hysell and
Macdonald, 2017), is one such mechanism that has not been examined in detail and the focus

in this study.

WEATHERING OF OCEAN ARCS

Volcanic arcs, both continental and oceanic, are thought to exert a fundamental control on
Earth’s long-term climate (McKenzie et al., 2016). They are sites of carbon degassing from the
solid-Earth to the atmosphere and generate large amounts of silicate-rich volcanic rocks,
typically in landscapes defined by high elevation and relief, which in turn drive increased
rainfall, erosion and weathering. Thus, in theory, they act as both source and sink with respect

to the long-term carbon cycle (Lee et al., 2015).

Active ocean arcs are distributed across all latitudes of the globe at the present-day, where they
are key, but often overlooked, contributors to chemical weathering (Allégre et al., 2010;
Gaillardet et al., 2011b). In our analysis we focus on those arcs that fall within equatorial (+15°)
regions where the intertropical convergence zone produces a tropical rain belt and denudation
rates are highest. Measurements of chemical weathering fluxes for equatorial arcs (e.g.
Philippines and Lesser Antilles) are amongst the highest observed on Earth (Gaillardet et al.,
2011a), at 40 to 400 t’km?/a, encompassing the weathering of both basaltic (mafic) and

andesitic (intermediate) lithologies. In comparison, global analyses of river catchments suggest
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an average flux of 10-24 t/km?/a (Gaillardet et al., 1999; Hartmann et al., 2014) indicating that
the weathering flux is highly bimodal, with the aforementioned tropical regions built on mafic—
intermediate islands contributing an order of magnitude more silicate cations than the global

average per unit area.

Estimating the lengths of Ordovician oceanic arcs

The influence of oceanic arcs on climate, especially in the pre-Pangea world, has not been
considered in detail, partly because of how poorly they are preserved in the geological record
in comparison to continental arcs, and also how difficult it is to restore them to their correct
paleo-positions (Safonova et al., 2017). Full-plate reconstructions that restore ancient plate
boundaries and tectonic plates in a self-consistent, continuous framework (Seton et al., 2023)
offer a possible avenue to overcome this limitation. These models require a network of fully
interconnected plate boundaries; thus they include both explicit oceanic arcs based on the
geological record and implicit oceanic-arcs that are required by plate tectonic theory to

accommodate for plate-motion (Domeier, 2018).

The Ordovician Period, occurring just after the final amalgamation of Gondwana, has an
unusual global paleogeographic configuration, with all known continental lithosphere in the
southern hemisphere, and the northern hemisphere being predominantly oceanic lithosphere
(Fig. 2). Along the southern margin of Gondwana, the Terra Australis orogen developed as a
long-lived and reasonably stable continental arc. However, at each of the western and eastern
ends of this arc, and along the northern margin of Gondwana, subduction instead was expressed
as a series of rifted ribbon terranes, leading to successive generations of oceans opening and

closing, and the generation of many intraoceanic arcs (Table S2).
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To isolate oceanic arcs we extracted subduction zones from the model of Merdith et al. (2021)
(MER21), which incorporates modifications to the early Paleozoic model of Domeier (2018)
(see Suppl. Material; Figs. SI-S5). For each subduction segment, we calculated its distance to
the nearest continent (Fig. 2). Segments beyond a defined threshold were classified as oceanic
arcs, whereas those within the threshold were classified as peri-continental. Using a 400 km
threshold (mean plus standard deviation trench-continental arc distance along present-day
subduction zones (Zahirovic et al., 2022)), we classify ~22,500 km (35%) of present-day
subduction as oceanic (Fig. 2a), compared with ~40,000 km (50%) at the Cambrian—

Ordovician boundary and ~28,000 km (35%) by the end Ordovician (Fig. 3).

Ocean arcs as an extra source of silicate weathering?

To test our hypothesis that oceanic arcs can help drive net global cooling, we use the SCION
model (Mills et al., 2021; Merdith et al., 2025). SCION calculates the global long-term carbon,
oxygen, sulfur, phosphorous and nitrogen cycles using spatially explicit representations of
hydrology, climate and topography. The SCION model does not explicitly include ocean-arc
terranes, and we consider the unaltered model as our ‘default’ model. We devised a way to
estimate their contributions to the silicate weathering cycle and consider three scenarios. Our
first scenario assumes that the ‘active’ (i.e. subducting) length of ocean arcs at each time-step
exerts a proportional control over the extent of weatherable (ocean arc) features at that time.
Our second and third scenarios follow from this, and assume an extended island lifespan (5 and
10 Ma respectively) between the formation of a volcanic island and its erosion to sea level,

potentially due to subduction shutoff, arc migration, or the development of new melting zones
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in the overriding plate further extending the duration of island-arc weathering (Table S2, Fig

S6).

In all scenarios we consider three additional parameters relating to the reconstructed lengths of
ocean arcs, to calculate their total contribution to chemical weathering. Firstly, we extracted
lengths of oceanic arcs from the MER21 model, binned at 1 Ma intervals and 5° latitude bands,
and then restricted the data to within +~15° of the equator. The first two parameters we consider
are the proportion of the along strike arc that consists of subaerial islands (a), and the width
(o) of those islands. Multiplying the length of the oceanic arcs by these two parameters gives
an estimate of the area of subaerial, basaltic—andesitic islands formed through ocean-ocean
convergence. A final parameter, the silicate weathering flux per km? (¢), is used to quantify the
total silicate weathering flux from these islands (7). In all three scenarios described above (0, 5
and 10 Ma lifespan of islands) we run a series of models across a range of parameter (o, ®, €)
values, constraining their ranges with present-day Earth measurements. These are summarised,
and the calculated chemical weathering fluxes of each scenario are provided in Table S2 and
the Supp. Data. We do not alter degassing, paleogeography, or the previously established
weatherability of continental and obducted arcs in the SCION model (Merdith et al., 2025).
Since the plant evolution functions are only relevant from 450 Ma to present, they are not
considered in this work. Finally, to better evaluate our models, given the uncertainty in both
the extents and locations of ocean arcs, we also implemented a radiogenic Osmium (Os)
isotopic model after Sproson et al. (2022). Figure 4 shows the SCION results from our preferred
scenario (the 10 Ma lifespan, which better reflects the duration of islands, see Figs. S7, S8 for

the 0 and 5 Ma lifespan results).

OCEAN ARCS AS A COOLING MECHANISM



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

Our default model, which excludes additional weathering contributions from oceanic arcs
(black dashed lines Fig. 4), produces a reasonably warm, but not fully ice free, Cambrian and
Ordovician world. In this case, the early Paleozoic Earth maintains a global average surface
temperature (GAST) of 21-23°C. The different scenarios highlighted above induce moderate
(2-4°C) to substantial (4-7°C) cooling, depending on the exact parameters. Our preferred
scenario (10 Ma lifespan), results in a ~7°C cooling from the late Cambrian (~23°C GAST at
500 Ma) to Early Ordovician (~17°C GAST at 480 Ma), followed by a partial recovery to
~19°C GAST during the Middle Ordovician. A renewed cooling trend begins in the Late
Ordovician, with temperatures cooling from ~20°C to ~17°C during the Hirnantian Glaciation.
Incorporating volcanic-phosphorus—induced cooling as in previous models (Longman et al.,
2021) produces an additional spike, lowering GAST to ~14 °C in the Hirnantian, before a rapid
recovery to ~23 °C in the Silurian (~435 Ma). GAST recovers quickly in the Silurian, returning
to ~23° by ~435 Ma. Overall, these trends are replicated for all different parameter
combinations, although more conservative estimates of ocean-arc weathering (i.e. silicate
fluxes of 40 t/km?/a) results in only 1-2°C of cooling over the Early Ordovician. To reach a
Hirnantian GAST of ~18°C, consistent with the assumed threshold for ice house conditions
(Scotese et al., 2021), a minimum weathering contribution of 400 t per km of arc length is

required.

The available Os and Sr proxy data through the early Paleozoic both show a similar decreasing
trend across the Ordovician (Fig. 4). The modelled results of both cycles for the default run (no
contribution of ocean arcs) produce a functionally flat line for the model duration. In
comparison, when we include the unradiogenic contributions from ocean arc weathering both

our modelled Os and Sr align more closely with the proxy data. During the Early Cambrian,
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both our modelled Os and Sr seawater curves are in much better, but not full, agreement with
the proxy data. After 500 Ma, the onset of subduction preserved in the Sunnhordland and K&li
arcs outboard of north-eastern Laurentia drives a decrease in the modelled isotopic ratios of
both elements. The closure of these arcs around 480 Ma stalls our modelled cooling alongside
the decrease in Os and Sr ratios. The re-onset of cooling at 460 Ma is driven principally by the
northward motion of both Siberia and Baltica (Fig. 2), and the resulting movement of three
oceanic arcs into the tropical belt: the Guberlya Tagil arc on the (reconstructed) southern
margin of Siberia, an inferred oceanic arc outboard of Kara and Baltica, accommodating the
northward drift of the two, and the ocean arcs preserved off the south of the Tarim craton in
the Qaidam-Qilian region (Fig. 2). At 440 Ma our model begins warming and our modelled Os
and Sr seawater compositions begin increasing. This move towards more radiogenic values in
the Sr data is supported by the proxy record, though there are no Silurian aged proxy data for
Os in our compilation. For both elements, this change is driven in the model at ca. 440 Ma by

the equatorial ocean arcs colliding and the cessation of subduction.

The primary cause of Ordovician cooling is enigmatic. Swanson Hysell and MacDonald (2017)
have suggested that the emplacement of ophiolitic bearing sutures during this time could have
driven global cooling. A key limitation of this hypothesis is that ophiolites, once emplaced,
contribute finitely to chemical weathering, before they are either fully weathered, or buried.
Instead, we test another idea, also hypothesised by Swanson Hysell and MacDonald (2017),
that active ocean island arcs could also have contributed to cooling over their lifespan. Unlike
ophiolites, arcs overcome the finite-weathering limitation, as, provided there is an active arc,
volcanism can continually replenish silicate cations, and in all our tested scenarios this process
produces a net cooling effect over the Ordovician. There are other times where a predominance

of tropical ocean-arcs have been noted, during the late Tonian and Cryogenian where extensive
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juvenile terranes have been documented through the Arabian-Nubian Shield (Hargrove et al.,
2006) and in eastern Dronning Maud Land (Jacobs et al., 2017), and also possibly during the
Mesozoic, where intra-ocean subduction spanned the Tethyan and Pacific Oceans (Domeier et
al., 2017). Consequently, the prevalence of ocean arcs could help explain previous icehouses

or cool periods in Earth history.

CONCLUSIONS

Our modelling of ocean-arc contributions to silicate weathering during the early Paleozoic
demonstrates that they could help drive cooling over this time. By using present-day
weathering rates from island-arcs and estimates of their varying lengths in the geological past
from full-plate models, we were able to incorporate their contribution to tropical weathering in
a climate-carbon model. Our resulting model shows a much stronger fit to Sr and Os isotope
records than the default model, indicating that extra weathering from ocean arcs could be a
plausible source of silicate cations and unradiogenic strontium and osmium to the oceans at
this time. Our analysis shows that up to 5 °C of cooling over the Ordovician can be induced
from weathering of tropical ocean-arcs, potentially helping explain the changes in climate over
this time, and demonstrating a mechanism that may be important during other periods of

Earth’s history.
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FIGURE CAPTIONS

Figure 1: Earth's global average surface temperature (GAST) and iceline proxy data. Green and
orange curves are temperature proxies from Scotese et al. (2021) and Judd et al. (2024),
respectively, represented by p = 1o envelope. Blue line is iceline from Van der Meer et al.

(2022). C, Cambrian; O, Ordovician; h, Hirnantian; S, Silurian; D, Devonian.

Figure 2: Reconstructed maps from MER21 with subduction zones outlined, coloured by the
distance between them and the nearest (modelled) piece of continental crust (represented by
the light green polygons). Equatorial range used in our analysis is highlighted. MQ, Macquarie
arc, SK, Sunnhordland and Koli arcs; LB, Lushs Bight arc; AS, Alta-Sayan arcs; SSEU,
Stepnyak, Selety, Erementau, Urumbai arcs; DH, Dunhuang-Hanshan arc; GTg, Guberlya
Tagil arc; KQQ, Kunlun-Qaidam-Qinlin arcs. Arcs °?1-5" are required by the model to account

for plate motion but have limited direct evidence in the geological record, see Table S1.

Figure 3: Summary of ocean arcs in our model. (a) Overall length of ocean arcs vs. time using
different proximity parameters. For our analysis we pick a 400 km threshold to distinguish
oceanic vs peri-continental arcs. (b) Heatmap of ocean arc length vs latitude using the 400 km

threshold over the Phanerozoic. Red lines show equatorial (£15°) regions.

Figure 4: Preferred model results assuming a 10 Ma life span of ocean arc islands with proxy
data. Default model run (i.e. no contribution from ocean arcs) is shown as the black dashed line
in each respective panel. (a) global average surface temperature. (b) modelled '371380s of
seawater. (¢) modelled iceline results. (d) modelled 8786Sr of seawater. Proxies from Figure 1

are depicted in blue.
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Supplemental Material. Supplementary material includes discussion around: paleogeographic
uncertainty, including alternative SCION runs with the Domeier (2018) model; present-day
constraints on islands at oceanic-arcs, alterations to the SCION model, model outputs, and
model code to recreate results. Please visit https://zenodo.org/records/17345053 to access the

model code, and contact editing@geosociety.org with any questions.
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Figure 1: Earth's global average surface temperature (GAST) and iceline proxy data. Green
and orange curves are temperature proxies from Scotese et al. (2021) and Judd et al.
(2024), respectively, represented by a mean and a 1 standard deviation envelope. Blue
line is iceline from Van der Meer et al. (2022). C, Cambrian; O, Ordovician; h, Hirnantian;

S, Silurian; D, Devonian.
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Figure 2: Reconstructed maps from MER21 with subduction zones outlined, coloured by
the distance between them and the nearest (modelled) piece of continental crust
(represented by the light green polygons). Equatorial range used in our analysis is
highlighted. BW, Bowers arc; MQ, Macquarie arc, SK, Sunnhordland and Kéli arcs; LB,
Lushs Bight arc; AS, Alta-Sayan arcs (Kuznetsk-Alatua, north Sayan, Lake Khamsara,
Chingiz); SSEU, Stepnyak, Selety, Erementau, Urumbai arcs; DH, Dunhuang-Hanshan
arc; GTg, Guberlya Tagil arc; KQQ, Kunlun-Qaidam-Qinlin arcs. Arcs ’?1-5’ are required by
the model to account for plate motion but have limited direct evidence in the geological

record.
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Figure 3: Summary of ocean arcs in our model. (a) Overall length of ocean arcs vs. time
using different proximity parameters. For our analysis we pick a 400 km threshold to
distinguish oceanic vs peri-continental arcs. (b) Heatmap of ocean arc length vs latitude

using the 400 km threshold over the Phanerozoic. Red lines show equatorial (x15°)

regions.
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Figure 4: Preferred model results assuming a 10 Ma lifespan of ocean arc islands with
proxy data. Default modelrun (i.e. no contribution from ocean arcs) is shown as the black
dashed line in each respective panel. (a) global average surface temperature. (b)
modelled '®'8Qs of seawater. (c) modelled iceline results. (d) modelled &7%Sr of

seawater. Temperature proxies from Figure 1 are depicted in blue.
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