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Continental arcs have been recently hypothesized to outflux large amounts of CO2 compared to island 
arcs so that global flare-ups in continental arc magmatism might drive long-term greenhouse events. 
Quantitative testing of this hypothesis, however, has been limited by the lack of detailed studies on 
the spatial distribution of continental arcs through time. Here, we compile a worldwide database of 
geological maps and associated literature to delineate the surface exposure of granitoid plutons, allowing 
reconstruction of how the surface area addition rate of granitoids and the length of continental arcs have 
varied since 750 Ma. These results were integrated into an ArcGIS framework and plate reconstruction 
models. We find that the spatial extent of continental arcs is episodic with time and broadly matches 
the detrital zircon age record. Most vigorous arc magmatism occurred during the 670–480 Ma and the 
250–50 Ma when major greenhouse events are recognized. Low continental arc activity characterized 
most of the Cryogenian, middle–late Paleozoic, and Cenozoic when climate was cold. Our results indicate 
that plate tectonics is not steady, with fluctuations in the nature of subduction zones possibly related in 
time to the assembly and dispersal of continents. Our results corroborate the hypothesis that variations 
in continental arc activity may play a first order role in driving long-term climate change. The dataset 
presented here provides a quantitative basis for upscaling continental arc processes to explore their 
effects on mountain building, climate, and crustal growth on a global scale.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Subduction zone volcanism plays an important role in shaping 
the evolution of Earth’s surface. Island arcs, such as the Mari-
anas and Izu–Bonin arcs in the western Pacific, form where an 
oceanic plate subducts beneath another oceanic plate. Continental 
arcs, such as the present-day Andes or Cretaceous North Ameri-
can Cordilleran arcs, form when oceanic plates subduct beneath 
continental plates (Fig. 1a). Because of greater crustal thickness 
at continental arcs, magmatic differentiation is more extensive in 
continental arcs than in island arcs, which are thin; continental 
arcs thus play an important role in the formation of felsic conti-
nental crust (e.g. Lee et al., 2007; Lee and Bachman, 2014). The 
thick crust of continental arcs also results in high elevations, mak-
ing continental arcs one of the most important environments for 
mountain building, which in turn influences weathering, atmo-
spheric circulation and the hydrologic cycle (Lee et al., 2015). Con-
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tinental arcs may also play an important role in long-term climate 
variability due to the possibility that continental arc volcanoes re-
lease more CO2 than island arc volcanoes as a result of magmatic 
interaction with ancient crustal carbonates stored in the continen-
tal upper plate (Fig. 1b) (Lee et al., 2013; Lee and Lackey, 2015;
McKenzie et al., 2016).

To what extent the surface geology and environment of Earth 
is modulated by the rise and fall of continental arcs is uncer-
tain. Has the length of continental arcs varied with time, and if 
so, what controls the global nature of subduction zones? Attempts 
have been made to quantify continental arc activity or continen-
tal crust formation using large databases of detrital zircon ages 
(e.g. Voice et al., 2011; Condie and Kröner, 2013; Roberts and 
Spencer, 2015; Paterson and Ducea, 2015). These observations sug-
gest that global continental arc activity is not continuous, but is 
instead episodic, with recent investigators suggesting a correla-
tion between continental arc activity and greenhouse conditions 
based solely on detrital zircon data (McKenzie et al., 2016). How-
ever, some disadvantages of detrital zircon studies are the lack of 
the direct geologic context or spatial information of arcs. For these 
reasons, we present here an independent and more direct con-
straint on continental arc activity by compiling the distribution of 
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Fig. 1. (a) Cartoon of island and continental arcs; (b) A continental arc showing how 
the interaction of magmas with carbonates in the upper plate can enhance CO2

degassing.

continental arcs through space and time using a worldwide set of 
geologic maps and related literature. We then synthesize the data 
with plate reconstruction models to develop a geologic history of 
continental arcs since the Neoproterozoic.

2. Methods

Geologic maps (1:5,000,000 to 1:10,000,000) of Eurasia, North 
and South America, Africa, Australia, and Antarctica (e.g. Reed et 
al., 2005; Ren et al., 2013) were used to compile the present-day 
surface area of felsic-intermediate plutonic rocks (granitoids).

We have assumed that felsic magmas, such as granitoids, most 
likely represent continental arcs for the following reasons. Cawood 
et al. (2013) suggested that the volumes of subduction-related 
magmas make up more than 90% of all volcanism, not including 
mid-ocean ridge related magmatism. In particular, Lee and Bach-
mann (2014) showed that felsic (intermediate) magmas are far 
more abundant in continental arcs than in island arcs, hence we 
have assumed that the majority of granitoids are formed in the 
continental arcs. We have, however, excluded the following large 
plutonic belts where geologic context indicates they are not of 
continental arc origin: the granitoids associated with the Siberian 
Traps Large Igneous Province (Ivanov et al., 2013), the A-type gran-
itoids in the Mongolia–Transbaikalian Belt (Jahn et al., 2009), the 
collision-related Cenozoic granites in the European Alps and Tibet, 
and the granitic batholiths belonging to the Talkeetna and Kohistan 
island arc sections (Jagoutz and Kelemen, 2015). Surface areas were 
extracted using ArcGIS software when shapefiles were available. 
Otherwise, maps were scanned into high-resolution raster im-
ages and processed using ImageJ software (www.imagej.nih.gov). 
To gauge the productivity of granitoids and continental arc activ-
ity, surface area addition rate (km2/Myr) was calculated by dividing 
the surface area of granitoids generated within a geological inter-
val by the time duration of that interval.

In addition to calculating the surface area addition rate of gran-
itoids, we also reconstructed the linear lengths of continental arcs 
based on the geology interpreted from literatures as well as the ex-
trapolation between plutonic surface exposures. We then compiled 
a global history of continental arcs and restored their positions 
on paleomaps using plate reconstruction models (Scotese, 2016;
Li et al., 2008) in GPlates software (Gurnis et al., 2012). Compiled 
information on the durations and lengths of continental arcs, error 
estimate, and a complete list of literature and geologic maps used 
in this study can be found in the Supplementary Materials.
3. Results

3.1. Continental arcs through space and time

The global history of continental arcs is shown in Fig. 2 and 
Fig. 3. Two types of continental arcs are differentiated. External 
arcs (shown as red curves in Fig. 3) are the continental arcs de-
veloped along the periphery of a supercontinent. External arcs 
(shown as purple curves in Fig. 3) are the ones developed in-
ternal to an assembling supercontinent, which are usually termi-
nated with continent–continent (or continental terrane) collision. 
The two types are similar to the classification of accretionary oro-
gen previously proposed (e.g. Murphy et al., 2011).

From 750 Ma to the Early Cryogenian, few continental arcs were 
active and the length of continental arcs was low (Fig. 3a). From 
the Late Cryogenian to Late Ediacaran (Fig. 3b), during the final 
breakup of the Rodinia supercontinent and the formation of the 
Gondwana supercontinent, Pan-African arcs (e.g. Damara–Kuunga, 
East African) and the Avalonia–Cadomian arcs became active (e.g. 
Kröner and Stern, 2004; Linnemann et al., 2008). From the Late 
Ediacaran to Early Cambrian (Fig. 3b–c), coinciding in time with 
the late stage of the Pan-African arcs, subduction along the Proto-
Pacific margin of Gondwana commenced: for example, the Ross arc 
in Antarctica, the Delamerian arc in Australia, and the Pampeanas–
Famatinian arc in South America (Goodge, 2007; Cawood and 
Buchan, 2007; Rapela et al., 1998). Studies have also suggested 
that most of the Proto-Tethyan margin of northern Gondwana was 
active at the same time (Kusky et al., 2003; Zhu et al., 2012). 
Afterwards, continental arcs waned during the Ordovician and Sil-
urian (Fig. 3d). From the Ordovician to Devonian (Fig. 3d–e), clo-
sure of the Iapetus and Rheic Oceans between Baltica, Lauren-
tia, and Gondwana generated the Variscan and Appalachian con-
tinental arcs (e.g. Nance and Linnemann, 2008; van Staal et al., 
2009). From the Carboniferous to Early Triassic (Fig. 3f–h), di-
achronous closure of Paleo-Asian oceans, which led to the final 
assembly of the Pangea supercontinent, gave rise to several Paleo–
Asian arcs (e.g. Uralian, Altai, Kazakhstan Balkhash–Yili, Solonker) 
(e.g. Windley et al., 2007). During the Permian and Early Triassic 
(Fig. 3g–h), circum-Pacific subduction commenced along the west-
ern and northeastern margins of Pangea, resulting in numerous 
continental arcs: the western Pacific arcs in Asia, the Cordilleran 
arcs in North and South America, and the Antarctic Peninsula arc 
(e.g. Metcalfe, 2011; Dickinson, 2004; Ramos and Kay, 2006). Dur-
ing the Mesozoic–Paleocene (Fig. 3h–j), these circum-Pacific arcs 
dominated global continental arc activity, reaching their longest 
extents in the Late Cretaceous. Several Tethyan arcs were also ac-
tive during the same period (e.g. Yin and Harrison, 2000). In the 
Cenozoic (Fig. 3k–l), the Gangdese and Iran–Turkey arcs shut down 
with the progressive closure of the Neo-Tethyan Ocean from the 
Himalaya to the Caucasus (Zhu et al., 2015; Yin, 2010). Many of 
the circum-Pacific continental arcs also terminated in the Cenozoic. 
Trench retreat resulted in western Pacific continental arcs transi-
tioning into island arc systems (e.g., Marianas, Izu–Bonin) (Ishizuka 
et al., 2014). Arc volcanism in western North America waned due 
to the onset of the flat subduction and collision of the Pacific–
Farallon ridge (Dickinson, 2004).

Fig. 4(a–d) summaries geological events and the compiled re-
sults of this study. There are two periods of time since 750 Ma 
when the lengths of continental arcs were high (Fig. 4d). The 
first period is during the Late Cryogenian and Cambrian
(∼670–480 Ma), defined by the Pan-African and peri-Gondwana 
continental arcs. The second period was in the Mesozoic–early Pa-
leogene (∼250–50 Ma), defined by the Paleo-Asian arcs, Tethyan 
arcs, and circum-Pacific continental arcs. The global lengths of con-
tinental arcs were low from the Late Tonian to Early Cryogenian 
(750 Ma–680 Ma), during most of the Paleozoic (∼470–250 Ma), 
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Fig. 2. Global history of continental arcs since 750 Ma. Continental arcs are named using their counterpart orogens or geographic locations. Small red vertical bars indicate that 
a continental arc terminated with continent–continent (or continental terrane) collision. The thicknesses of the bars approximately represent their lengths. Cam, Cambrian; 
O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous; P, Permian; T, Triassic; J, Jurassic; K, Cretaceous; Pg, Paleogene; Ng, Neogene. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)
and during much of the Cenozoic (∼50–0 Ma). The lengths 
of continental arcs during the two peak periods were up to 
about 1.5 to 2.5 times as long as the present-day length. In 
contrast, the lengths of continental arcs during most of the 
low periods are comparable to or lower than the present-day 
length.
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Fig. 3. Spatiotemporal distributions of continental arcs on a series of paleomaps (Mollweide projection) (a to l). Red and purple curves represent external and internal con-
tinental arcs, respectively. Gray represents landmass. Abbreviations of continental arcs: AC, Avalonia–Cadomian; Ak, Alaska; Alt, Altai; And, Andes; Ant, Antarctic Peninsula;
App, Appalachian; Atc, continental arcs in the Arctic region. Bsl, Brasiliano, CA, Central America; Cas, Cascade; Chi, Chilenia; Del, Delamerian; DK, Damara–Kuunga; EA, East 
African, Fam, Famatinian; Gd, Gangdese; GTM, Gondwana Proto-Tethyan margin; ICS, Indochina–Sumatra; IT, Iran–Turkey; JK, Jiangda–Hoh Xil Shan–Karakorum; Kam, Kam-
chatka; Kaz, Kazakhstan Balkhash–Yili; Kun; Kunlun; Lan, Lachlan; MB, Marie Byrd Land; MO, Mongol–Okhotsk; NA, North American Cordilleran; NE, New England; NZ, 
New Zealand; OC, Okhotsk–Chukotka; Pam, Pampeanas; Pe, Peru; Qin, Qinling; Ros, Ross; SA, South American Cordilleran; Sal, Saldanian; Sma, Sumatra; Sol, Solonker; Tim, 
Timanide; TS, Trans-Sahara, TSS, Tian Shan–Solonker; Ula, Uralian; Var, Variscan; Vk, Verkhoyansk; WP, West Pacific. Plate reconstructions based on Scotese (2016) and Li et 
al. (2008). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 3. (continued)
3.2. Surface area addition rates

In the Phanerozoic, the global surface area addition rate of 
granitoids shows several peaks and lows (Fig. 4b). Major peaks 
appear in the Permian–Triassic and during the Late Jurassic to Pa-
leocene. Lows characterize the Early to Middle Paleozoic, Middle 
Triassic–Early Jurassic, and most of the Cenozoic. In the Paleo-
zoic, the global surface area addition rate is mainly composed of 
continental arcs in Eurasia. In the Mesozoic, the importance of 
continental arcs in North and Central America increased while 
continental arcs in Eurasia waned. In the Cenozoic, surface area 
addition rates decreased in North and Central America and Eura-
sia. We omitted Neoproterozoic rates because the age resolution of 
Precambrian rocks in geologic maps is too coarse for any meaning-
ful calculation.
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Fig. 3. (continued)
Surface area addition rates, however, are undoubtedly subject 
to sampling bias associated with erosional and tectonic preserva-
tion and, to a lesser extent, sedimentary cover. There is no sure 
way to correct for these sampling biases, but if we assume that 
older plutons are statistically more under-represented due to ero-
sion, we can make some hypothetical corrections for such loss. For 
example, Fig. 4c shows a scenario in which we assume the proba-
bility of preservation decays exponentially with time with different 
half-lives tested (details and other types of corrections are shown 
in the Supplementary Materials, Fig. S1). Compensating for possi-

ble erosional bias enhances the peaks in the early Paleozoic and 
Permian–Triassic and the minima from the Devonian to Early Per-

mian (Fig. 4c).
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Fig. 3. (continued)
4. Discussion

4.1. Comparisons between continental arc datasets

Comparison between the corrected surface area addition rate 
and the length of continental arcs (Fig. 4c, d) shows that the pat-
terns of the two datasets are broadly similar since the Silurian: 
both show peaks in the Permian–Triassic and Jurassic–Paleocene. 
Minimums in the Devonian–Early Permian and middle–late Ceno-
zoic also largely match. Dissimilarities between the two datasets 
can be seen during the Precambrian and early Paleozoic. These 
dissimilarities are caused by the lack of age resolution on Pre-
cambrian plutons in geologic maps and erosional/burial bias. For 
example, calculated Cambrian surface area addition rate is under-
estimated because of ice covering the Transantarctic Mountains 
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Fig. 4. Summary plot showing (a) Supercontinent events, dominant continental arcs, greenhouse–icehouse events, and surface areas of Large Igneous Provinces (LIPs, Kidder 
and Worsley, 2010). OJ, Ontong Java, Kerg., Kerguelen; (b) Global and regional surface area addition rates of granitoids; (c) Global surface area addition rate of granitoids after 
applying different compensation models; (d) Length estimates of continental arcs. Maximum length is based on geological interpretations from literatures. Minimum length 
of Phanerozoic arcs is largely based on surface exposures of granitoids on maps. Minimum lengths of Proterozoic arcs are assigned to half of their maximum lengths due 
to low spatial and temporal resolutions of Proterozoic plutons on maps. Average length is the mean value of the maximum and minimum; (e) Histograms of global detrital 
zircon ages from Voice et al. (2011). Cam, Cambrian; O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous; P, Permian; T, Triassic; J, Jurassic; K, Cretaceous; Pg, Paleogene; 
Ng, Neogene; Pz, Paleozoic; Mz, Mesozoic; Cz, Cenozoic.
(Cambrian Ross continental arc). Arc length better captures the 
true extent of continental arcs.

We can now compare our results to the global detrital zircon 
database compiled by Voice et al. (2011). Encouragingly, detrital 
zircon ages show peaks and troughs, which broadly match those 
defined by surface area addition rate and length of continental arcs 
(Fig. 4d, e). There is debate on whether detrital zircon ages re-
flect the actual episodic nature of magmatic processes (e.g. Condie, 
2005; O’Neill et al., 2015) or reflect preservational bias, specifically 
preservation during collisional orogenies (Cawood et al., 2013). We 
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suggest that preservational bias is probably not the dominant fac-
tor in controlling detrital age histograms. In Fig. 4e, it can be seen 
that the detrital zircon age pattern does not clearly correlate with 
supercontinent assembly. Instead, it can be seen that the surface 
area addition rate of granitoids, length of continental arcs, and the 
global detrital zircon U/Pb ages (including those of McKenzie et al., 
2016) appear to be correlated. We thus argue that the patterns of 
global detrital zircon ages together with the surface area addition 
rate of granitoids and the length of continental arcs reflect the real 
episodic nature of continental arc activity.

4.2. The episodicity of continental arcs

The broad agreement between surface area addition rate of 
granitoids, length of continental arcs, and the global detrital zircon 
record indicates that continental arc activity since 750 Ma has not 
been constant. Global continental arc activity peaked twice during 
this time: once from 670–480 Ma and again from 250–50 Ma. In 
particular, these periods of enhanced continental arc activity each 
lasted for ∼200 My. Our observations indicate that although plate 
tectonics has been continuous since at least 750 Ma, the nature 
and tempo of plate tectonics may vary on 200 My timescales. 
Combined with the well-known observation that oceanic crust 
production rates are also not constant (e.g. Becker et al., 2009;
van Der Meer et al., 2014), our observations of changes in the 
nature of subduction zones suggest that plate tectonics is funda-
mentally non-steady.

Some insight can be gained by examining when continental 
arcs were at their peak. Both periods were associated with the 
assembly of continents. The 670–480 Ma flare-up was associated 
with assembly of the Gondwana supercontinent during which the 
continental arcs internal to the supercontinent (Pan-African arcs) 
overlapped in time with the continental arcs external to the su-
percontinent (peri-Gondwana arcs). The 250–50 Ma flare-up was 
associated with the assembly and dispersal of the Pangean super-
continent. The Paleo-Asian and Tethyan arcs, which were internal 
to Pangea when it assembled, coincided in time with the circum-
Pacific arcs along the periphery of the supercontinent, which con-
tinued during its dispersal. Cawood and Buchan (2007) suggested 
that the final assembly of a supercontinent is synchronous with 
subduction initiation and accretionary orogens along the margins 
of the supercontinent. Our compilation supports this observation.

What seems clear is that the nature of subduction zones varies 
systematically with time, probably influenced by the assembly and 
dispersal of continents. The geodynamics causing the episodicity 
might be tied to episodic mantle processes, including convection 
and mantle plumes (Anderson, 1982; Gurnis, 1988). In particu-
lar, it has been suggested that during a supercontinent interval, 
a strong temperature gradient develops beneath the oceanic do-
main and the supercontinent domain due to more efficient con-
vective loss of heat from the oceanic domain and the inefficient 
heat loss through the stagnant continental domain; this tempera-
ture difference generates lateral pressure gradients that lead to the 
break-up of supercontinents, during which the leading edge of dis-
persing continents are put into compression, which favors the de-
velopment of continental arcs (Gurnis, 1988; Lenardic et al., 2011;
Lee et al., 2013). Whether changes in continental arc length corre-
late with changes in total length of arcs is unclear, but could be a 
fruitful area of future research. Recently, van Der Meer et al. (2014)
used seismic tomography of subducted oceanic slabs to constrain 
the length of global subduction zones since 250 Ma. They found 
that during the Middle–Late Jurassic the total length of subduction 
zones was twice as long as today. Using our constraints on the 
length of continental arcs, we estimate that continental arcs made 
up 40–50% of global subduction zones during the Jurassic and Cre-
taceous and ∼30% today. This suggests that the greater length of 
continental arcs in the Jurassic and Cretaceous could in part be due 
to a greater length of subduction zones.

4.3. Implications for long-term climate and continental crust growth

In the past 750 My, Earth’s climate has switched back and forth 
between several major icehouse and greenhouse events. Distinc-
tive glaciation events have occurred in the late Neoproterozoic be-
tween 770–635 Ma (Allen and Etienne, 2008). Notable ones such as 
the Cryogenian Sturtian (716 Ma) and Marinoan (635 Ma) glacia-
tions reached low-latitudes (e.g. Pierrehumbert et al., 2011). Paleo-
zoic major glaciations occurred at ∼445 Ma during the Himantian 
(Finnegan et al., 2011) and ∼340–260 Ma during the Late Paleo-
zoic (Montañez and Poulsen, 2013). Global cooling in the Cenozoic 
started around 50 Ma and ice sheets started to form in Antarc-
tica by 34 Ma (Zachos et al., 2001). In between these icehouse 
events, major greenhouse events occurred in the Late Ediacaran–
Early Paleozoic (560–470 Ma) (e.g. Berner and Kothavala, 2001) 
and from the Triassic to the Eocene (250–34 Ma) (e.g. Berner 
and Kothavala, 2001; Zachos et al., 2001). Our study shows that 
the late Neoproterozoic, Middle–Late Paleozoic and Late Cenozoic 
icehouse events largely match the periods of low continental arc 
activity. In contrast, the Cambrian, Mesozoic–Eocene greenhouse 
events largely match the periods of high continental arc activ-
ity (Fig. 4a, c, d). This observation supports the hypothesis that
continental arcs help drive greenhouse events (Lee et al., 2013;
Lee and Lackey, 2015), which is also supported by independent 
study using detrital zircon age-derived proxies by McKenzie et al. 
(2014, 2016). To further quantitatively test the hypothesis, con-
straints on the CO2 concentration in arc magmas (e.g. Wallace, 
2005), spatial relationships between magmas and carbonate wall-
rocks, and the efficiency of decarbonation (e.g. Carter and Das-
gupta, 2016) will be needed. We also note that uplifted juvenile 
crustal materials in continental arcs can be chemically weathered, 
consuming CO2 for tens of million years after arc termination (Lee 
et al., 2015). Thus, arc remnants after global flare-ups could act as 
strong CO2 sinks promoting global cooling and even the switch to 
ice house conditions (Lee et al., 2015). Both roles of continental 
arcs in modulating paleo-climate should be quantitatively evalu-
ated and incorporated into current long-term carbon-cycle models, 
such as the GEOCARB (e.g. Berner and Kothavala, 2001). Finally, 
we note that Large Igneous Province (LIP) events were more active 
in the Mesozoic, especially in the Cretaceous (Kidder and Wors-
ley, 2010). Whether there is a genetic link between continental arc 
flare-up and frequent LIP events is unclear, but such LIPs, super-
imposed on a greenhouse baseline, could lead to mid-Cretaceous 
hothouse excursions.

5. Conclusions

We show that the global continental arc activity has fluctuated, 
at least as far back as 750 Ma. Continental arc activity was highest 
during the late Cryogenian–Cambrian and the Mesozoic–Early Pale-
ogene, but low during most of the Cryogenian, middle–late Paleo-
zoic, and Cenozoic. Continental arc activity is related to the assem-
bly and dispersal of continents. More continental arcs are gener-
ated during the final assembly of a supercontinent when internal-
type continental arcs overlapped in time with the external-type 
continental arcs, and the continental arcs of the latter type could 
continue to exit during the breakup of supercontinent. Strong and 
weak periods of continental arc activity largely match the major 
warm and cold periods, respectively, since 750 Ma. This suggests 
that continental arcs may drive greenhouse conditions by ampli-
fying volcanic CO2 degassing, and when continental arc activity 
subsides, climate reverts back to an icehouse baseline. Our com-
pilation provides a basis to incorporate the effects of continental 
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arcs into global models on mountain building, paleo-climate, and 
continental crust growth.
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