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Abstract

The geometry of the Antarctic-Phoenix Plate system, with the Antarctic Plate forming both the overriding plate and the

conjugate to the subducting oceanic plate, allows quantification of slab age and convergence rate back to the Paleocene and

direct comparison with the associated magmatic arc. New Ar-Ar data from Cape Melville (South Shetland Islands, SSI) and

collated geochronology shows Antarctic arc magmatism ceased at ˜19 Ma. Since the Cretaceous, the arc front remained ˜100

km from the trench whilst its rear migrated trenchward at 6 km/Myr. South of the SSI, arc magmatism ceased ˜8–5 Myr

prior to each ridge-trench collision, whilst on the SSI (where no collision occurred) the end of arc magmatism predates the end

of subduction by ˜16 Myr. Despite the narrowing and successive cessation of the arc, geochemical and dyke orientation data

shows the arc remained in a consistently transitional state of compressional continental arc and extensional backarc tectonics.

Numerically relating slab age, convergence rate, and slab dip to the Antarctic-Phoenix Plate system, we conclude that the

narrowing of the arc and the cessation of magmatism south of the South Shetland Islands was primarily in response to the

subduction of progressively younger oceanic crust, and secondarily to the decreasing convergence rate. Increased slab dip

beneath the SSI migrated the final magmatism offshore. Comparable changes in the geometry and composition are observed

on the Andean arc, suggesting slab age and convergence rate may affect magmatic arc geometry and composition in settings

currently attributed to slab dip variation.
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Key Points 10 

- New 40Ar/39Ar ages from the South Shetland Islands show the youngest outcrops of Antarctic arc magmatism 11 

were emplaced at ~20–19 Ma. 12 

- The Antarctic Peninsula continental arc narrowed through the Cenozoic due to the subduction of progressively 13 

younger oceanic crust. 14 

- Steepening slab dip beneath the South Shetland Islands narrowed and migrated the final magmatic activity 15 

offshore. 16 

Abstract. The geometry of the Antarctic-Phoenix Plate system, with the Antarctic Plate forming both the overriding 17 

plate and the conjugate to the subducting oceanic plate, allows quantification of slab age and convergence rate back to 18 

the Paleocene and direct comparison with the associated magmatic arc. New Ar-Ar data from Cape Melville (South 19 

Shetland Islands, SSI) and collated geochronology shows Antarctic arc magmatism ceased at ~19 Ma. Since the 20 

Cretaceous, the arc front remained ~100 km from the trench whilst its rear migrated trenchward at 6 km/Myr. South 21 

of the SSI, arc magmatism ceased ~8–5 Myr prior to each ridge-trench collision, whilst on the SSI (where no collision 22 

occurred) the end of arc magmatism predates the end of subduction by ~16 Myr. Despite the narrowing and successive 23 

cessation of the arc, geochemical and dyke orientation data shows the arc remained in a consistently transitional state 24 

of compressional continental arc and extensional backarc tectonics. Numerically relating slab age, convergence rate, 25 

and slab dip to the Antarctic-Phoenix Plate system, we conclude that the narrowing of the arc and the cessation of 26 

magmatism south of the South Shetland Islands was primarily in response to the subduction of progressively younger 27 

oceanic crust, and secondarily to the decreasing convergence rate. Increased slab dip beneath the SSI migrated the final 28 

magmatism offshore. Comparable changes in the geometry and composition are observed on the Andean arc, 29 

suggesting slab age and convergence rate may affect magmatic arc geometry and composition in settings currently 30 

attributed to slab dip variation.  31 
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1. Introduction 32 

Arc magmatism is reliant on the volatile flux derived from the subducting oceanic crust. If this flux is disturbed, 33 

magmatism can cease. The arrival of a spreading ridge at a subduction zone can provide such terminations or pauses 34 

in magmatism (Sisson et al., 2003), but understanding the timing and processes associated with the end of arc 35 

magmatism requires a suitable geological record. Such a record is found on the Antarctic Peninsula, where progressive 36 

ridge-trench collisions terminated a long-lived continental arc. However, if arc magmatism is a product of the volatile 37 

flux from active subduction then an anomaly arises, for arc magmatism ceased on the Antarctic Peninsula at ~19 Ma 38 

despite subduction continuing until 3.3 Ma (Jin et al., 2009; Livermore et al., 2000). This study evaluates field, 39 

geochemical, and geochronological data to determine the timing and cause of arc cessation, and the relation to regional 40 

tectonics. We collect new data from Cape Melville on King George Island (South Shetland Islands), where prior work 41 

reported the youngest outcrops of Antarctic arc magmatic rocks; compile the regional data to evaluate how the 42 

magmatism and tectonic deformation changed as arc cessation approached; and finally compare our observations with 43 

the Andean magmatic arc to evaluate whether our conclusions from the Antarctic Peninsula are more broadly 44 

applicable. 45 

1.1. Geological background 46 

The Antarctic Peninsula developed as an autochthonous continental arc on the margin of the Gondwanan 47 

supercontinent (Burton-Johnson & Riley, 2015). Seafloor spreading between New Zealand and Antarctica along what 48 

is now the Pacific-Antarctic ridge commenced at ~84 Ma (Mortimer et al., 2019), following an extended period of pre-49 

breakup rifting and magmatism of Gondwana through the Late Cretaceous (~101–82 Ma; Tulloch et al., 2009). 50 

Subsequent seafloor spreading generated oceanic crust of the Pacific Plate to the NW, and the Antarctic Plate to the 51 

SE. Along the NW margin of the Antarctic Peninsula, subduction of the Phoenix Plate (also referred to in the literature 52 

as the “Aluk” or “Drake” Plate) beneath the Peninsula continued synchronously with continued seafloor spreading 53 

along the Antarctic-Phoenix ridge; a divergent plate boundary initiated at the DeGerlache Magnetic Anomaly during 54 

a South Pacific plate reorganisation and ridge-jump event at ~61 Ma (Cande et al., 1995; McCarron & Larter, 1998). 55 

With the same Antarctic Plate now forming the conjugate oceanic crust to the NW, and the overriding continental crust 56 

to the SE, the Antarctic-Phoenix spreading ridge migrated towards the continental margin with consequently equal 57 

rates of spreading and convergence. Ultimately, this ridge migration collided successive segments of the spreading 58 

centre with the continental margin. With each ridge-trench collision, subduction ceased progressively northwards along 59 

the Antarctic Peninsula through the Cenozoic (Larter & Barker, 1991), until ridge-trench collision south of the Hero 60 

Fracture Zone at 3.3 ±0.2 Ma resulted in the termination of oceanic spreading and the end of Phoenix Plate subduction 61 

(Jin et al., 2009; Larter & Barker, 1991; Livermore et al., 2000). Subsequent sinistral simple-shear between the 62 

Antarctic and Scotia plates led to opening of the Bransfield Basin as a pull-apart basin (an extension of the South 63 

Scotia Ridge Fault), developing contractional structures in the margin South Shetland Trench as the transtensional 64 

rifting forcefully migrated the South Shetland Islands to the NW (Fretzdorff et al., 2004; González-Casado et al., 2000; 65 

Jin et al., 2009). 66 

With the progressive northwards cessation of subduction, arc magmatism also ceased progressively northwards, finally 67 

ending in the South Shetland Islands at ~20 Ma (Birkenmajer et al., 1985) (Fig. 1). After ~10 Myr, regional magmatism 68 

resumed as low-volume alkaline magmatism, including that associated with the opening of the Bransfield Strait (Fig. 69 

1; Smellie, 1987; Košler et al., 2009). Contemporaneously, extension between South America and Antarctica and 70 



back-arc extension of the Scotia subduction zone developed a deep water connection in the Drake Passage at 34-30 71 

Ma (Eagles et al., 2006); initiating the Antarctic Circumpolar Current. 72 

However, this history fails to explain: 1) why arc magmatism largely ceased at 20 Ma, despite subduction continuing 73 

to ~3.3 Ma; 2) why subsequent magmatism has alkaline compositions associated with intraplate magmatism; and 3) 74 

why there is a >10 Myr interval between arc and intra-plate magmatism. 75 

1.2. Problems with the existing hypothesis 76 

Barker (1982) identified a ~50–60 Myr delay between the youngest magmatic ages aligned with each fracture zone-77 

bounded ocean segment and the collision age of the associated ridge segment. They compared this with the collision 78 

of the Pacific-Kula Ridge and the Aleutian Arc (DeLong et al., 1978), where a 15 Myr magmatic hiatus was observed 79 

either side of the ~30 Ma ridge collision (i.e. 45–15 Ma). Assuming a 45° slab dip, DeLong et al. (1978) proposed 80 

that magmatism ceased when ocean floor younger than 25–30 Myr was at a depth of 100 km beneath the arc. Barker 81 

(1982) noted a similar relationship on the Antarctic Peninsula, proposing that the cessation of arc magmatism resulted 82 

from a decrease in dehydration depth as progressively younger oceanic crust was subducted. They proposed this was 83 

in response to the “earlier escape of bound water because of the higher temperature, less continuous sediment cover 84 

and more fractured and permeable nature of the younger oceanic crust”. 85 

However, Byrne (1979) subsequently concluded that the Pacific-Kula Ridge ceased spreading in the Late Paleocene 86 

(~59–56 Ma), challenging the previously proposed Oligocene (~35–30 Ma) ridge subduction model (DeLong et al., 87 

1978). Consequently, the plate motions of the North Pacific continue under discussion (Domeier et al., 2017; Vaes et 88 

al., 2019), and as such we cannot constrain the Antarctic processes using the Aleutian Arc. Instead, we should recognise 89 

that the Antarctic Peninsula system is a unique opportunity to inform on processes elsewhere, as the history of self-90 

subduction, well-constrained marine magnetic anomalies, and terrestrial magmatic ages constrain the plate motions, 91 

crustal ages, and magmatic activity through the Cenozoic. 92 

Collating the current geochronological dataset (Fig. 1; data compilation in Supplementary Material), an interval of 93 

only ~5–8 Myr of non-magmatic subduction occurred on the Antarctic Peninsula south of the Anvers Fracture Zone; 94 

much less than the ~50–60 Myr interval proposed by Barker (1982). However, ~17 Myr did occur between the final 95 

calc-alkaline arc magmatism of the South Shetland Islands and the 3.3 Ma ridge-trench collision. Whilst a significantly 96 

shorter duration than that identified by Barker (1982), this is over twice the duration of amagmatic subduction interval 97 

farther south. 98 

Present day magmatic gaps exist along the Pacific subduction zone of North and South America (Siebert & Simkin, 99 

2002), but the oldest subducting oceanic crust adjacent to these magmatic gaps is ~10 Myr old: 6.6 Ma at the Juan de 100 

Fuca-Pacific intersection (Currie & Riddihough, 1982), 9.7 Ma at the Rivera-Pacific intersection (Lonsdale, 1991), 101 

13.1 Ma at the Cocos-Nazca intersection (Lonsdale, 2005), and 8.9 Ma at the Antarctic-Nazca intersection (Tebbens 102 

et al., 1997). Arc magmatism on the Antarctic Peninsula would thus be expected to continue until ~10 Myr prior to 103 

ridge-trench collision. This is true for the Antarctic Peninsula ridge-trench collisions at 14.5 Ma and older (Fig. 1) but 104 

not the ~17 Myr of amagmatic subduction on the South Shetland Islands. Is the age of the subducting ocean crust 105 

responsible, as proposed by Barker (1982), or are other processes in control? 106 



1.3. Constraining the end of Antarctic magmatism 107 

To understand the relationship between subduction and the end of magmatism we must constrain the timing and origin 108 

of the final arc magmatism. Previous work indicated this occurred on King George Island (KGI, Fig. 1), where a 109 

Cretaceous to Early Miocene volcanic arc sequence is overlain by <2.7 Ma alkaline volcanics (Birkenmajer, 1996; 110 

Pańczyk & Nawrocki, 2011). Following revision of an anomalous 14.4 Ma K-Ar volcanic age (Birkenmajer et al., 111 

1986) to 23.7 Ma by Ar-Ar geochronology (Smellie et al., 1998), the only evidence for <20 Ma arc magmatism in the 112 

northern Antarctic Peninsula is a set of NW-SE striking dykes at Cape Melville on the eastern end of KGI (19.9 ±0.3 113 

and 20.1 ±0.2 Ma, K-Ar; Birkenmajer et al., 1985), crosscut by younger undated NE-SW striking dykes (proposed to 114 

be Late Pliocene to Early Pleistocene) (Fig. 2). This paper revisits the Cape Melville magmatism, evaluating its origins 115 

via field relations, geochronology, and geochemistry, and then compares the Cenozoic magmatic and marine magnetic 116 

data to evaluate the tectonic and magmatic history that led to the end of Antarctic arc magmatism. 117 

2. Methods 118 

2.1.40Ar/39Ar geochronology 119 

Samples from the basaltic dykes of Cape Melville on King George Island in the South Shetland Islands were collected 120 

in 2019 aboard the HMS Protector for 40Ar/39Ar geochronology and geochemistry (Fig. 2) and analysed at Open 121 

University, UK. For 40Ar/39Ar dating, samples were powdered then sieved and washed repeatedly in de-ionised water. 122 

Alteration-free whole rock pieces were cleaned ultrasonically in acetone and de-ionised water, dried, and irradiated at 123 

the McMaster Nuclear Reactor (McMaster University, Canada) for 102 hours. Neutron flux was monitored using 124 

biotite mineral standard GA1550 (99.738 ± 0.104 Ma; Renne et al., 2011). The irradiated samples were loaded into an 125 

ultra-high vacuum system and a 1059nm CSI fibre laser was focussed into the sample chamber to step-heat the basalt. 126 

Extracted gases were cleaned for 5 minutes using two SAES AP-10 getters, one running at 450°C and one at room 127 

temperature, following which the gases were let into a MAP 215-50 mass spectrometer for measurement. The mass 128 

discrimination value was measured at 283 for 40Ar/36Ar (using a calibration noble gas mixture of known composition). 129 

System blanks were measured before and after every one or two sample analyses. Gas clean-up and inlet is fully 130 

automated, with measurement of 40Ar, 39Ar, 38Ar, 37Ar, and 36Ar, each for ten scans, and the final measurements are 131 

extrapolations back to the inlet time. 132 

The system blanks measured before and after every one or two sample analyses were subtracted from the raw sample 133 

data. Results were corrected for 37Ar and 39Ar decay, and neutron-induced interference reactions. The following 134 

correction factors were used: (39Ar/37Ar)Ca = 0.00065±0.00000325, (36Ar/37Ar)Ca = 0.000265±0.000001325, and 135 

(40Ar/39Ar)K = 0.0085±0.0000425; based on analyses of Ca and K salts. Ages were calculated using the atmospheric 136 

40Ar/36Ar ratio of 298.56 (Lee et al., 2006) and decay constants of Renne et al. (2011). All data corrections were 137 

carried out using an Excel macro and ages were calculated using Isoplot 4.15 (Ludwig, 2012). All ages are reported at 138 

the 2σ level and include a 0.5% error on the J value. Plateau criteria of at least 50% of the 39Ar release in at least 3 139 

consecutive steps were used. Analytical data are included in the Supplementary Material. 140 

2.2. Geochemistry 141 

The Cape Melville basaltic dyke samples were analysed by inductively coupled plasma optical emission spectrometry 142 

(ICP-OES) and inductively coupled plasma-mass spectrometry (ICP-MS) by Chemostrat (Welshpool, UK). The 143 



samples were prepared using the LiBO2 fusion procedure (Jarvis & Jarvis, 1992). Separate aliquots of the prepared 144 

samples were analysed using a ThermoFisher iCAP ICP-OES and ThermoFisher X-Series II ICP-MS instruments. 145 

Major elements are reported in weight % oxide form and trace elements in parts per million (data in Supplementary 146 

Material). 147 

3. Results 148 

3.1. 40Ar/39Ar geochronology 149 

Step-heating of sample B18.20.1 (the NE-striking dyke) produced a slightly sloping plot with a 40Ar/39Ar plateau age 150 

of 23.3 ±1.1 Ma (MSWD = 1.4; Fig. 3). This plateau age contains over the 50% threshold of 39Ar release required for 151 

a valid plateau age, but the plot shows older and younger ages at the low and higher temperature steps, indicating some 152 

disturbance to the Ar system. The inverse isochron (Fig. 3) produces a younger age (19.0 ±1.0 Ma) than the plateau. 153 

B18.24.1 (the NW-striking dyke) gives a 40Ar/39Ar plateau age of 21.5 ± 0.4 Ma (MSWD = 0.8; Fig. 3). This plateau 154 

age contains 58.4% of the 39Ar release, from a release spectra that slopes from older apparent ages in the initial steps 155 

to younger in the final steps. The inverse isochron correlation plot of the data from this step heat (Fig. 3) calculates an 156 

age of 20.7 ±0.6 Ma. 157 

The 40Ar/36Ar intercept of the inverse isochrons for both samples are above the atmospheric ratio (assumed to be 158 

298.56), suggesting that there may be excess argon in the sample. This likely results in the older apparent ages seen in 159 

the initial steps of the release spectra, although the excess argon can be present in plateau steps as well. Consequently, 160 

the inverse isochron age (which makes no assumptions of the atmospheric ratio) may be considered the best age 161 

estimate. 162 

3.2. Geochemistry 163 

The Cape Melville dykes are all basaltic or marginally basaltic andesite in composition. The key chemical distinction 164 

between the two dyke species is that the NW-striking dykes are tholeiite series, whilst the NE-striking dykes are 165 

alkaline (Fig. 4a). Primitive mantle multi-element plots for the dykes (Fig. 4b) show the LILE and LREE enrichment 166 

and HFSE and HREE depletions characteristic of arc magmatism. The Ti-Zr-Y tectonic discrimination for basalts 167 

classifies the NW-striking dykes as continental arc basalts, whilst the NE-striking dykes display the transitional MORB 168 

to island arc tholeiite chemistry associated with suprasubduction zone, marginal backarc basin magmatism (Fig. 4c). 169 

3. Discussion 170 

3.1. When did arc magmatism cease? 171 

Previously published K-Ar ages and field relationships indicated that the Cape Melville dykes represented the youngest 172 

arc magmatism in Antarctica: ~20 Ma for the NW-SE striking dykes, and younger undated (but proposed to be Late 173 

Pliocene to Early Pleistocene) NE-SW striking dykes crosscutting them (Birkenmajer et al., 1985). Our new Ar-Ar 174 

geochronology indicates that both dyke sets were emplaced at ~20 Ma: 19.0 ±1.0 Ma for the NE-striking dykes, and 175 

20.7 ±0.6 Ma for the NW-striking dyke. These Ar-Ar ages are supported by the 22.6 ±0.4 Ma Rb-Sr age for fossils of 176 

the country rock (Dingle & Lavelle, 1998). However, field evidence shows the NE-striking dykes to be cross-cut by 177 



the NW-striking dykes (Fig. 3); more aligned with the relative ages of the 40Ar/39Ar plateaux: 23.3 ±1.1 Ma for the 178 

NE-striking dykes, and 21.5 ± 0.4 Ma for the NW-striking dyke (Fig. 3). Considering both the field relations and the 179 

evidence for excess argon affecting the plateaux ages thus indicates that whilst the inverse isochron ages are a more 180 

accurate estimate of the emplacement age (~21–19 Ma rather than the older ~23–21 Ma estimate of the plateaux), the 181 

relative ages and error estimates are incorrect. Either way, there is no longer evidence on the Antarctic Peninsula for 182 

<19 Ma arc magmatism. 183 

Comparing the new and compiled magmatic ages with their distance from the continent-ocean boundary (COB, Fig. 184 

5a) shows a distinctly linear relationship in the distribution of the arc since the Late Cretaceous (data compilation in 185 

Supplementary Material). However, rather than simply migrating towards the trench, the arc progressively narrowed 186 

with the arc front remaining 100–150 km from the COB, whilst the most distal arc magmatism migrated towards the 187 

trench at a steady 6 km/Myr until arc cessation at ~19 Ma. Over this period, the magmatism became more primitive in 188 

its 143Nd/144Nd isotopic composition relative to mantle compositions at the time (Fig. 5b and Fig. 5c). Collating data 189 

from South America (Supplementary Material), similar but slower (2 km/Myr) narrowing of the Andean continental 190 

arc can be observed between ~350–100 Ma, although it subsequently widened again at 11 km/Myr between ~70–20 191 

Ma (Fig. 5e). The period of arc-narrowing was also associated with progressively more primitive 143Nd/144Nd isotopic 192 

compositions, with a return to more evolved isotopes in the subsequent period of arc-widening (Fig. 5f and Fig. 5g). 193 

3.2. What drove the cessation of Antarctic magmatism? 194 

3.2.1. Tectonic setting 195 

Applying tectonic discrimination diagrams to the new and previously-published geochemical and geochronological 196 

data for the Antarctic Peninsula shows that arc magmatism continued until ~19 Ma, whilst all subsequent magmatism 197 

was intraplate in composition (Fig. 6). The basaltic/gabbroic data (Fig. 6a and Fig. 6b) show this transition clearly, 198 

with only minor intraplate basaltic magmatism prior to ~19 Ma. Ti-Zr-Y tectonic discrimination shows that the 199 

magmatism ranged from continental arc basalts to transitional, backarc magmatism since the Late Cretaceous (Fig. 200 

6c). Only after 10 Ma (with occasional exceptions) did magmatism switch from dominantly subduction-derived to 201 

wholly intraplate. The rhyolitic/granitic data indicates more occurrences of intraplate magmatism, but the multiple 202 

pathways of assimilation and fractional crystallisation by which felsic rocks can be derived renders this discrimination 203 

more ambiguous. 204 

In addition to their chemistry, dyke orientations can also be used to constrain the syn-magmatic tectonic setting and 205 

allow identification of changes in the syn-magmatic strain regime that may have affected the end of arc magmatism. 206 

When a dyke intrudes by active hydraulic fracturing through isotropic crust, it strikes in the direction of maximum 207 

lateral compression (Anderson, 1951; Hubbert & Willis, 1957). Whilst this is most commonly the case, dyke 208 

orientation is also affected by local pre-existing crustal weaknesses, preferentially emplacing into reactivated pre-209 

existing planar discontinuities close to parallel to the main shortening axis (e.g. faults, joints, and shear zones) (Sielfeld 210 

et al., 2017). This commonly involves dyke emplacement into pre-existing and reactivated joint systems and strike-211 

slip faults (Bird, 2002; Kraus et al., 2010; Spacapan et al., 2016), with the strike of conjugate strike-slip faults typically 212 

developing at ~30° either side of the direction of maximum compression (the angle of internal friction; Anderson, 213 

1951; Borg & Handin, 1966). Thus, if we can constrain the subduction convergence direction, we can predict 214 

orientations of dykes emplaced either by hydraulic fracturing (i.e. parallel to the maximum shortening) or by 215 



reactivating pre-existing strike slip faults (i.e. ~30° oblique to the maximum shortening direction) in response to 216 

subduction-driven compression or extension (Fig. 7). 217 

As the youngest subduction was almost perfectly perpendicular to the continental margin (and thus parallel to the 218 

fracture zones; Larter and Barker, 1991), we can infer from the fracture zones offshore of the South Shetland Islands 219 

that final subduction convergence was oriented at ~130°. This is identical to the 128° subduction convergence direction 220 

inferred from chrons C27–C24 (61–53 Ma) of the marine magnetic anomalies (McCarron & Larter, 1998). We can 221 

thus conclude that subduction convergence was SE-oriented at ~130° throughout the Cenozoic. This orientation is 222 

parallel to the strike of the NW-striking dykes of Cape Melville, and perpendicular to its NE-striking dykes, and 223 

matches the predicted dyke orientations under hydraulic fracturing for Fig. 7a and Fig. 7b. Therefore, the NW-striking 224 

continental arc dykes on Cape Melville were emplaced by hydraulic fracturing during subduction-perpendicular crustal 225 

shortening (compression), whilst the NE-striking, backarc dykes were emplaced during subduction-perpendicular 226 

crustal extension. As noted above, Ti-Zr-Y tectonic discrimination of the Cape Melville dykes (Fig. 4c) showed both 227 

continental arc (NW-striking dykes) and marginal backarc basin chemistries (NE-striking dykes). The inferred 228 

deformation regime is thus in agreement with the geochemically-inferred tectonic settings. As both dyke sets were 229 

emplaced at ~20–19 Ma, this transition in strain regime and resultant magmatic character occurred quickly (<2 Myr). 230 

In this way, we can evaluate the dyke orientations of the broader South Shetland Islands since the Cretaceous. Compiled 231 

dyke orientations and geochronology (Fig. 8a) by this study and previous publications (Kraus et al., 2008, 2010; Kraus, 232 

2005) show that, as on Cape Melville, orthogonal sets of dyke orientations (both parallel and perpendicular to the 233 

continental margin) emplaced by hydraulic fracturing under subduction-driven compression and extension have been 234 

the dominant emplacement mechanism since 50 Ma (Fig. 8b, Fig. 8d, and Fig. 8e). However, between 70–50 Ma, both 235 

clusters of dyke orientations were oblique to the subduction convergence direction (Fig. 8f). Instead, they closely 236 

resemble the predicted orientations of dykes emplaced within extensional strike-slip faults (Fig. 7d). This is supported 237 

by the displacement on sheared dykes and faults recorded by Kraus et al. (2010), with one population of conjugate 238 

shear structures (70–100° dextral and 140–164° sinistral displacement) matching that predicted for compressional 239 

deformation (Fig. 7c), and another population of conjugate structures (1–17° dextral and 45–79° sinistral displacement) 240 

matching that predicted for extensional deformation (Fig. 7d); these latter orientations resembling those of the 70–50 241 

Ma dykes (Fig. 8f). We can conclude that between 70–50 Ma, the South Shetland Islands were dominantly under 242 

suprasubduction extension. 243 

Magmatism on the South Shetland Islands peaked between 50–40 Ma (Fig. 8g). Dyke orientations show both extension 244 

and compression during this period, although NW-SE directed compression was dominant (Fig. 8b and Fig. 8e). The 245 

magmatic flux reduced again after 40 Ma (Fig. 8g), with both NW-SE directed compression and extension recorded 246 

by the 30–18 Ma dykes. Geochemical discrimination (Fig. 6c) shows that magmatism on the broader Antarctic 247 

Peninsula ranged from continental arc basalts to transitional, backarc magmatism since the Late Cretaceous, only 248 

switching from dominantly subduction-derived to wholly intraplate after 10 Ma. The dyke orientations and basaltic 249 

chemistry thus imply that the tectonic setting remained in a consistently transitional state of compressional continental 250 

arc and extensional backarc tectonics from the Late Cretaceous to the Early Miocene, with no singular shift in setting 251 

to explain the end of arc magmatism. 252 

3.2.2. Slab age and/or convergence rate 253 

The dyke chemistry and orientations of the South Shetland Islands indicate that there was no progressive change in 254 

tectonic setting to explain the end of arc magmatism prior to the end of subduction. Based on comparison with the 255 



Aleutian Arc and its collision with the Kula Ridge, Barker (1982) proposed that the arrival of oceanic crust younger 256 

than ~30–25 Myr at 100 km depth beneath the Antarctic continental arc led to a ~60–50 Myr interval between the end 257 

of magmatism and the end of subduction. However, as noted above, the Kula Ridge spreading ceased ~29–21 Myr 258 

earlier than previously understood, and we have revised the ~60–50 Myr interval identified by Barker (1982) to only 259 

~20–10 Myr. Whether the subduction of progressively younger crust can explain the end of Antarctic arc magmatism 260 

thus needs revaluation. 261 

Offshore marine magnetic anomalies (Cande et al., 1982, 1995; Eagles, 2003; Eagles et al., 2004; Eagles & Scott, 262 

2014; Larter et al., 2002; Larter & Barker, 1991; Wobbe et al., 2012) provide exceptional temporal and spatial 263 

constraints on the age and spreading rates of the Antarctic and Phoenix ocean crust. This data shows that spreading 264 

rates on the Antarctic-Phoenix ridge decreased rapidly between ~60–40 Ma (particularly dramatically at 52.3 Ma; 265 

McCarron & Larter, 1998), remaining subsequently consistently slow until the cessation of rifting. Although 266 

subduction was sub-perpendicular to the continental margin through much of the Cenozoic, the Late Cretaceous 267 

spreading ridge continued laterally to the DeGerlache Gravity Anomaly (1000 km NW of Alexander Island; Larter et 268 

al., 2002). This geometry would have imparted a dextral obliquity and clockwise rotation to the earlier subduction 269 

history, and thus reduced the earlier convergence rate for a given spreading rate and increased the subduction rate 270 

farther from the rotation pole (i.e. faster subduction beneath the South Shetland Islands than farther south along the 271 

Peninsula). By generating and rotating synthetic isochrons for the conjugate (now subducted) Phoenix Plate to the 272 

preserved Antarctic Plate in GPlates (Fig. 10h, Boyden et al., 2011), we can simulate the rotation and convergence 273 

history of the Phoenix Plate back to 61 Ma (GPlates files included in Supplementary Material) and calculate the 274 

convergence history at different points along the Antarctic Peninsula. This modelled convergence (Fig. 5d) shows the 275 

fast (~200 km/Myr) Paleocene subduction of the Phoenix Plate, its rapid diminishment in the Eocene, and the 276 

subsequent consistently slow (~70–35 km/Myr) subduction until the Pliocene cessation of Antarctic-Phoenix Ridge 277 

spreading. 278 

Our new and compiled geochronological data shows that from the Late Cretaceous until its ~19 Ma magmatic 279 

cessation, the Antarctic Peninsula continental arc narrowed at a rate of 6 km/Myr (Fig. 5a). Although other processes 280 

may enhance magmatic activity (e.g. tectonic deformation), the generation of calc-alkaline arc magmas by partial 281 

melting of the mantle is principally a result of volatile addition from the subducting slab (Grove et al., 2012). By 282 

numerically modelling the thermo-mechanical and thermodynamic processes involved in slab dehydration, Magni et 283 

al. (2014) showed that fast, old slabs remain hydrated until deeper in the mantle than slow, young slabs. This is because 284 

older slabs are colder, most importantly in the mantle lithosphere at their core where water is stored in serpentine. 285 

Consequently, faster and/or older subducting ocean crust hydrates the mantle over a wider area, and so should be 286 

associated with wider magmatic arcs. Inversely, slower and/or younger slabs should be associated with narrower arcs. 287 

The onset and cessation depth of slab dehydration was calculated by Magni et al. (2014) for various slab ages and 288 

convergence rates (albeit at a constant 30° slab dip). From these results, a relationship between the onset and cessation 289 

depths and the thermal parameter 𝛷𝛷 = 𝑎𝑎𝑣𝑣𝑠𝑠 sin(𝜃𝜃) can be observed (Kirby et al., 1991), where 𝑎𝑎 is the age of the 290 

subducting slab (Myr), 𝑣𝑣𝑠𝑠 is the convergence rate (km/Myr), 𝜃𝜃 is the slab dip (°), and 𝛷𝛷 has units km. Plotting their 291 

results, we have derived empirical relationships for the onset (linear) and cessation (logarithmic) depths of slab 292 

dehydration (Fig. 9). 293 

These empirical relationships enable us to explore the effects of convergence rate, slab age, and slab dip on the width 294 

of the Antarctic magmatic arc. As noted above, convergence rate was calculated by generating and rotating synthetic 295 

isochrons for the conjugate Phoenix Plate using the observed magnetic isochrons of the Antarctic Plate (Fig. 10h). 296 

These synthetic isochrons and derived Phoenix Plate rotation enabled the slab age at the trench to be estimated over 297 



time. For the South Shetland Islands, these isochrons were extended further back using the synthetic isochrons of the 298 

crust to the south (Fig. 10h). Because of the distribution of Antarctic isochrons, for the earlier stages of Phoenix 299 

subduction we can estimate the convergence rate but not the slab age at the trench. Furthermore, the slab age at the 300 

trench levels off further back in time, for these earlier periods the oldest calculable slab age at the trench is used as a 301 

constant value for the modelled ages preceding it (see Fig. 10b and Fig. 10e). However, as the Antarctic-Phoenix 302 

spreading ridge originated at the DeGerlache Gravity Anomaly at ~61 Ma, possibly via a ridge-jump event (McCarron 303 

& Larter, 1998), the true slab ages preceding the oldest calculable age are ambiguous. 304 

From the synthetic isochrons and plate rotations, for each 1 Myr the convergence rate and the age of the crust at 305 

different depths and distances (for a constant but modifiable slab dip) could be calculated. From these values, we 306 

compute the thermal parameter, 𝛷𝛷, the onset and cessation depths of slab dehydration, and the equivalent horizontal 307 

distances from the trench. The calculations were executed in two stages. Firstly, an assumed distance (200 km) between 308 

the trench and the arc was used for which the time for the subducting slab to reach vertically beneath this distance 309 

estimate, and its age when it did so, could be calculated at each 1 Myr. The second stage instead used the horizontal 310 

distance estimates of the first stage. In this way, the slab age and resultant depths at the start and end of dehydration 311 

could be calculated whilst being invariant to the first distance estimate. 312 

Using this approach, we simulated the horizontal slab dehydration window for two locations (Fig. 10h): Point A (66° 313 

S, 65° W) between the South Anvers and Biscoe fracture zones, where subduction ceased between 15.0–14.1 Ma 314 

(Larter et al., 1997), and Point B (62.5° S, 59.5° W) in the South Shetland Islands, where subduction ceased at 3.3 Ma 315 

(Livermore et al., 2000). 316 

For Point A, the magnetic anomalies enable us to estimate slab dehydration between ~59–15 Ma. For a 40° slab dip, 317 

the onset of slab dehydration would have occurred consistently at ~100 km from the trench (Fig. 10c; a comparable 318 

distance to the observed magmatic activity) until 17 Ma (at which time the subducted slab was 4 Myr old when it 319 

commenced dehydration). Although subduction ceased at 14.5 Ma, insufficient crust entered the trench from 16 Ma 320 

onwards to begin dehydration. Whilst the estimated onset of slab dehydration remained ~100 km from the trench, the 321 

horizontal distance between the trench and vertically above the cessation depth of slab dehydration narrowed from 322 

~300 km to ~100 km between ~59–17 Ma, again closely agreeing with the observed magmatic age compilation (Fig. 323 

10c). Magni et al. (2014) found that the onset of dehydration was principally affected by the subduction velocity, 324 

whilst the end depth of dehydration was dominantly affected by the age of the slab. Consequently, it is principally the 325 

steadily younging slab ages shown in Fig. 10b that narrow the magmatic arc at Point A and farther south on the 326 

Antarctic Peninsula. 327 

As noted above, by extending the synthetic isochrons for the subducted Phoenix crust beneath Point B, we can estimate 328 

the slab dehydration window between ~60–4 Ma. For a 40° slab dip, the onset of dehydration again occurs beneath 329 

~100 km from the trench; again, in agreement with the magmatic data. From ~7 Ma onwards, insufficient crust is 330 

subducted to reach dehydration depths, hence the end of the slab dehydration window at 8 Ma; 5 Myr prior to the end 331 

of subduction. However, unlike Point A, ridge-trench collision did not occur offshore of Point B. As such, the age of 332 

the slab at the end of its dehydration remains between ~40–30 Myr throughout the period the model predicts 333 

dehydration to occur. Consequently, unlike at Point A, we would not expect the narrowing of the arc, nor the observed 334 

20 Ma interval between the end of arc magmatism on the South Shetland Islands and the end of subduction. 335 

Using the parameters above, we would not expect arc magmatism to cease simultaneously at Points A and B. One 336 

variable we have not discussed is the effect of slab dip on the distribution of magmatism. 40° is optimal to simulate 337 

the changing width of the magmatic arc south of the South Shetland Islands. However, observed slab dips around the 338 



world are highly variable even at shallow depths, ranging from ~45°–10° (average of 23°) in the upper 100 km to 339 

~70°–10° (average of 49°) between 200–100 km depth (Hu & Gurnis, 2020). Whilst it may seem intuitive that older, 340 

colder slabs subduct with a steeper dip, no direct function has been found between slab age and slab dip (Cruciani et 341 

al., 2005; Jarrard, 1986). In fact, younger slabs may be found to have steeper dips (Hu & Gurnis, 2020). Slab age is 342 

thus one of many contributing factors, with longer-lived subduction zones, lower slab descent velocities, wider 343 

subduction zones, and continental rather than oceanic overriding plates all being associated with shallower dip angles 344 

of the subducting slab (Cruciani et al., 2005; Hu & Gurnis, 2020; Jarrard, 1986; Schellart, 2020). 345 

We propose therefore that following collision of the Antarctic-Phoenix Ridge south of the Anvers fracture zone, the 346 

slab dip steepened from~40° to >60° in response to the drastic narrowing of the subduction zone. Modelling this change 347 

in slab dip (Fig. 10g) shows this would have reduced the horizontal distance between the trench and the window of 348 

slab dehydration, migrating the arc offshore of the South Shetland Islands until its eventual estimated cessation at 8 349 

Ma. This steepening of the slab dip is supported by the identification of a steeply-dipping (~70°) high-velocity anomaly 350 

at 100–300 km beneath the northernmost Antarctic Peninsula, interpreted to be the subducted Phoenix Plate (Park et 351 

al., 2012). However, variable slab dip cannot explain the narrowing of the magmatic arc farther south, as the observed 352 

distribution of magmatic activity indicates that the arc front remained a constant distance from the trench, unlike the 353 

distances predicted by modelling variable dip (Fig. 10g). The narrowing of the arc is thus primarily in response to the 354 

subduction of progressively younger oceanic crust.  355 

3.3. Comparison with the Andean continental arc 356 

Our compilation of Andean magmatism shows comparable trends to the Antarctic Peninsula (Fig. 5), with progressive 357 

narrowing of the subduction zone between 350–100 Ma and subsequent widening between 70–20 Ma. As for the 358 

Antarctic Peninsula, the narrower the Andean arc, the more primitive and narrower its range of 143Nd/144Nd isotopic 359 

compositions (Fig. 5); indicative of lower assimilation of the overriding plate. That the data shows arc “widening” is 360 

significant, as Andean literature instead describes arc “migration” (e.g. Kay et al., 2005; Mamani et al., 2010; Chapman 361 

et al., 2017; Oliveros et al., 2020). This has led prior studies to invoke changes in the slab dip (Oliveros et al., 2020), 362 

which primarily affects the arc location rather than its width (Fig. 10g). The lack of a complete plate circuit between 363 

the Pacific Ocean plates and their continental margins prior to 83 Ma prevents earlier estimation of plate convergence 364 

rates. However, using GPlates and the plate rotations of Matthews et al. (2016), we can calculate the Farallon-South 365 

America Plate convergence for 20° S, 70° W from 83 Ma onwards (Fig. 5h). This shows an increase in convergence 366 

rate from ~55–20 Ma, synchronous with ~500 km of arc widening. Unlike the simple geometry of the Antarctic-367 

Phoenix subduction system, the multiple plates and spreading ridges associated with the Pacific and the Farallon-South 368 

America subduction system prevent accurate estimation of slab age at the trench prior to ~15 Ma and thus prevent 369 

modelling of the system as we have the Antarctic Peninsula. However, given the similar magmatic distributions and 370 

chemistries of the Antarctic Peninsula and the Andes, and the apparent relationship between plate convergence rate 371 

and width of the Andean arc, we propose that convergence rate and slab age were also primary controls on the width 372 

of Andean magmatism since the Carboniferous. 373 

Conclusions 374 

Following revision of the youngest outcrops of arc magmatism on the Antarctic Peninsula, we conclude that the 375 

Antarctic arc ceased to be active at ~20–19 Ma, with the youngest dyke activity of Cape Melville on King George 376 

Island (South Shetland Islands) yielding inverse Ar-Ar isochron ages of 19.0 (±1.0 Ma) and 20.7 (±0.6 Ma) (Fig. 3). 377 



Collated into a revised geochronology compilation, we see that Antarctic Peninsula arc magmatism ceased 5–8 Myr 378 

prior to each successive ridge trench collision, with each collision progressively marking the end of Phoenix Plate 379 

subduction beneath Antarctica. However, ridge-trench collision did not occur offshore of the South Shetland Islands 380 

(the northernmost end of the Peninsula). Here, a ~16 Myr interval occurred between the end of arc magmatism and the 381 

end of subduction; significantly longer than the interval observed farther south, or along other arcs (Fig. 1). 382 

Compiled geochemical and dyke orientation data shows no change in the tectonic setting to explain this discrepancy 383 

during the progressive cessation of arc magmatism (Fig. 6 and Fig. 8). Instead, the arc remained in a consistently 384 

transitional state of compressional continental arc and extensional backarc tectonics from the Late Cretaceous to the 385 

Early Miocene. What did change was the arc width and its crustal assimilation (evidenced by compiled geochronology 386 

and 143Nd/144Nd isotopes) (Fig. 5). From the Cretaceous until ~20 Ma, the arc front remained ~100 km from the trench 387 

whilst its rear migrated trenchward at 6 km/Myr. During this, the magmatic 143Nd/144Nd isotopes became more juvenile 388 

in composition, indicating lower rates of crustal assimilation. We collated the marine magnetic anomalies and 389 

generated synthetic conjugate isochrons in GPlates, constraining the ages and convergence rates of the subducting 390 

Phoenix Plate through time. By calculating and applying the numerically-deduced relationships between slab age, 391 

convergence rate, and slab dip to the Antarctic-Phoenix Plate system (Fig. 10), we conclude that the narrowing of the 392 

arc and the cessation of magmatism south of the South Shetland Islands was primarily in response to the subduction 393 

of progressively younger oceanic crust, and to a lesser extent the decreasing convergence rate. However, this should 394 

not have led to narrowing of the magmatic arc or its synchronous ~20–19 Ma cessation on the South Shetland Islands, 395 

as no ridge-trench collision or crustal younging occurred prior to 10 Ma. Instead, based on our calculations, we propose 396 

that following the sudden narrowing of the subduction zone following the adjacent ridge-trench collisions, the slab dip 397 

increased to >60°, migrating the remaining activity offshore until its estimated cessation at ~8 Ma (Fig. 10). 398 

Due to its geometry, with the Antarctic Plate forming both the overriding plate and the conjugate to the subducting 399 

oceanic plate, the Antarctic-Phoenix system uniquely allows quantification of slab age and convergence rate back to 400 

the Paleocene. However, its narrowing and isotopically-changing arc is comparable elsewhere. Most notably, the 401 

Andean arc progressively narrowed and developed more primitive Nd isotopes between 350–100 Ma, before widening 402 

and returning to less primitive compositions contemporaneously with an increase in convergence rate (Fig. 5). Whilst 403 

slab dip variation is singularly invoked to explain such changes there and elsewhere, this should migrate rather than 404 

narrow the arc. Consequently, although slab age and convergence rate are not always as quantifiable as on the Antarctic 405 

Peninsula, we suggest they are more common controls on magmatic arc geometry and composition than currently 406 

recognised. 407 
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Figures 582 

 583 

Fig. 1. 584 

Magmatic history of the Antarctic Peninsula. A) Temporal and spatial plot of magmatism and the history of ridge 585 

collisions and subduction cessation on the Antarctic Peninsula (Larter et al., 1997). B) Temporal and spatial map of 586 

Antarctic Peninsula magmatism, subduction cessation (ages labelled; Larter et al., 1997; Livermore et al., 2000), and 587 

offshore magnetic anomalies. Magmatic age compilation included in Supplementary Material. 588 

Bathymetry from ETOPO1 (Amante & Eakins, 2009).  589 



 590 

Fig. 2. 591 

a) and b) Revised geological map of Cape Melville (modified from Birkenmajer et al., 1985). Sample locations and 592 

dyke orientations shown. 40Ar/39Ar ages from this study. K-Ar ages from Birkenmajer et al. (1985, 1988). c) and d) 593 

Intersections of the two dyke species at Cape Melville. At both outcrops, different NW-striking dykes (outlined in 594 

yellow) crosscut the same NE-striking dyke (outlined in red). Site location IDs in Fig. 2b.  595 



 596 

Fig. 3. 597 

40Ar/39Ar data for the NE-striking (B18.020.1) and NW-striking (B18.024.1) mafic dykes of Cape Melville. The 598 
40Ar/36Ar isochron intercepts are above atmospheric values, suggesting there may be excess argon present. This may 599 

result in the older apparent ages seen in the initial steps of the release spectra, but may also be present in plateau steps. 600 

For this reason, the inverse isochron age may be considered the best estimate for the age of this sample. However, the 601 

relative isochron ages between the two dykes are at odds with the apparent field relations, whilst the plateau ages are 602 

not. 603 

  604 



 605 

Fig. 4. 606 

a–c) Geochemistry of the Cape Melville basaltic dykes. a) Total alkali-silica (TAS, Le Maitre et al., 1989) and alkaline-607 

tholeiite discrimination (Irvine & Baragar, 1971). b) Multi-element, primitive mantle normalised trace element plots. 608 

Normalising values from Sun and McDonough (1989). c) Ti-Zr-Y tectonic discrimination diagram of basaltic rocks 609 

(Pearce & Cann, 1973). WPB – Within Plate Basalt; IAT – Island Arc Tholeiite; MORB; Mid-Ocean Ridge Basalt; 610 

CAB – Continental Arc Basalt.  611 



 612 

Fig. 5. 613 

Comparison of magmatic age, distance from the continent-ocean boundary (COB), and 143Nd/144Nd isotopic 614 

compositions for the Antarctic Peninsula and Andean continental arcs (Supplementary Material; Mamani et al., 2010; 615 

Chapman et al., 2017; Oliveros et al., 2020, and the Geochemistry of Rocks of the Oceans and Continents database 616 

(GEOROC), http://georoc.mpch-mainz.gwdg.de). Antarctic-Phoenix Plate convergence calculated in GPlates (Boyden 617 

et al., 2011) for 62.5° S, 59.5° W using Matthews et al. (2016) for Pacific and Antarctic Plate rotation, and tracing and 618 

rotating synthetic isochrons for the conjugate (now subducted) Phoenix Plate to the preserved Antarctic Plate magnetic 619 

anomalies. Farallon-South America Plate convergence calculated for 20° S, 70° W using the rotations of Matthews et 620 

al. (2016). 621 

http://georoc.mpch-mainz.gwdg.de/


 622 

Fig. 6. 623 

Basaltic (a–c) and rhyolitic (d and e) tectonic discrimination diagrams for Antarctic Peninsula magmatism showing 624 

the consistent continental arc setting until <10 Ma. Tectonic discrimination diagrams and discrimination values from 625 

Pearce & Cann (1973), Pearce (1982), and Pearce et al. (1984)  626 

  627 



 628 

Fig. 7. 629 

Predicted strike directions for magmatic dykes emplaced via hydraulic fracturing or by reactivation of strike-slip faults 630 

during subduction-driven compression or extension of the South Shetland Islands.  631 



 632 

 633 

Fig. 8. 634 

Dyke orientations of the South Shetland Islands Data. from this study, Kraus (2005), and Kraus et al. (2008, 2010). 635 

a) locations and mapped dyke orientations. b) Dyke strike directions over time (circles – directly dated sample; crosses 636 

– probable ages based on field relationships with directly dated samples). c) Poles to all dyke planes. d–f) Poles to 637 

dyke planes in 20 Ma intervals, showing the bimodal orientations during each period. g) 120–0 Ma geochronology 638 



database of all analysed magmatic activity on the South Shetland Islands, selected from the database in Fig. 1 639 

(Supplementary Material). Data in 2 Ma bins.  640 



 641 

Fig. 9. 642 

Empirical relationships between the depth and thermal parameter at the onset (a) and cessation (b) of slab dehydration, 643 

plotted against the numerical modelling results of Magni et al. (2014) from which these relationships were derived. 644 

  645 



 646 

Fig. 10. 647 

Estimating the expected width and timing of the Antarctic Peninsula magmatic arc based on the convergence rate and 648 

slab age of the Phoenix Plate, and the empirical relationships of Fig. 9, calculated for convergence points A and B in 649 

part ‘h’. a) and d): Convergence rates between the Phoenix and Antarctic Plate. b) and e): Ages of the subducting crust 650 

at the trench and its calculated onset and end dehydration depths over time. c) and f): Estimated horizontal distance of 651 

slab dehydration from the trench, compared with the magmatic geochronology compilation of Fig. 5a, assuming a 652 

constant 40° slab dip. g): Estimated horizontal distance from the trench of slab dehydration for convergence point B at 653 

20 Ma with different slab dips. h): Marine magnetic anomalies (orange lines), synthetic isochrons of the Phoenix Plate 654 

(blue lines), and locations of the convergence points. 655 

 656 
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