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Abstract

Improved plate-to-plate reconstructions in the southwest Pacific, South Atlantic, and southwest Indian Ocean, and plate-to-

hotspot models for the Pacific plate, combined with published igneous dates of the South American Andes produce apparent

correspondence of predicted with observed magmatic patterns in the mountain range. The inferred Easter-Nazca (EN) and Juan

Fernandez (JF) hotspot traces, long inferred to control low-angle subduction and contemporary volcanic gaps along the Andean

crest, when reconstructed match the traces’ present bathymetric expression and seismic clusters within the South American

plate. Global reconstructions of the Nazca to the South American plate predict the subducted portions of the traces through

time. Gaps in magmatism over the past 10-15 Ma correspond with the reconstructed position of the traces beneath Peru (EN)

and Chile and Argentina (JF). The predicted JF trace also matches trends in magmatism, especially mafic rocks, including

eastward shifts and gaps as early as 60 Ma in Bolivia, southern Peru, Chile, and Argentina from the 80-90 Ma segments of the

trace. The magmatic pattern provides a kind of “image” of the hotspot traces projected onto the Cenozoic of the Andes. The

correspondences also increase confidence in the existence of a stable hotspot reference frame beneath the plates of the Pacific

over the past ˜90 m. y.
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Key Points 9 

Subduction beneath western South America of two hotspot traces on the Nazca Plate since 70 Ma is 10 
reflected in gaps and eastward displacement of the Andean volcanic arc as a result of trace-induced low-11 
angle subduction.  12 
The locations of the inferred effects of subducted traces in the Andean magmatic record are consistent with 13 
a single hotspot reference frame beneath the Pacific extending from Hawaii to the Juan Fernandez island-14 
seamount chain offshore Chile and covering at least 140 Ma 15 
The role of variations in convergence rate on Andean magmatism from 80 Ma to the Present is not obvious 16 
in the distribution of isotopic dates, perhaps correlations with geochemical trends would provide more 17 
insight in the future. 18 
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Plain Text Summary 40 

Application of advances in plate tectonic theory to the Andes of South America strengthens models of 41 
anomalous oceanic plate from mantle hotspots which produce low-angle subduction and volcanic gaps and 42 
shifts as oceanic and continental plates converge. Combined plate reconstructions and hotspot models of 43 
the Pacific predict when and where anomalous parts of the oceanic plate encountered South America; the 44 
calculated positions correspond with observed gaps and shifts in volcanism in the Andes over the past 60 45 
million years.  46 

1. Introduction 47 

The South American Andes, which has developed above a continuously active subduction zone for the 48 
plates beneath the Pacific throughout the Cenozoic and extending into the Late Cretaceous, provides the 49 
ongoing opportunity for understanding the mutual relationships of mountain-building, magmatism, and 50 
subduction to plate kinematics, oceanic plate age, subducting plate fracture zones, and hotspot traces. 51 
Ongoing enhancements to the characterization of the ocean basins from magnetic and bathymetric surveys 52 
and satellite geoid and gravity measurements, resulting in higher resolution plate reconstructions, provide 53 
comparable evolving resolution of global reconstructions of the Nazca/Farallon and Antarctic plates relative 54 
to South America. Similarly, studies of the contemporary configuration of the subduction zone from 55 
seismicity, tomography, and potential field modeling, and the structure and magmatic evolution of the 56 
mountain range, provide a basis of comparison with the plate reconstructions and kinematics. From such 57 
analysis, insight into other mountain ranges formed above oceanic subduction zones may be provided, as 58 
well as improved characterization of geohazards and effective development of existing and newly 59 
discovered mineral resources.  60 
The hotspot/plume hypothesis of Wilson (1963) and Morgan (1971, 1972) continues to influence research 61 
on plate kinematics, as well as dynamics, both whether hotspots provide one or more distinct reference 62 
frames, and the nature of their origin and relation to the driving mechanism. An auxiliary proposal, that 63 
island-seamount chains, inferred traces of hotspots, decrease the angle of subduction, thereby 64 
extinguishing or shifting loci of arc magmatism and resulting in Rocky Mountain-type deformation and back 65 
arc subsidence (e.g. Cross and Pilger, 1978b, 1982; Pilger, 1981, 1984; Jarrard, 1986), has simmered, 66 
lacking an abundance of data to establish a correspondence of observed island-seamount chains and their 67 
inferred, reconstructed traces with magmatic patterns in the one mountain range in which it is possible, the 68 
South American Andes. Since the original limited 1981 and 1984 tests for the Andes a number of workers 69 
have applied the idea of gaps in magmatism as indicative of low-angle subduction (although periods of 70 
reduced convergence rate, arc-parallel displacement between plates, and/or spreading ridge subduction 71 
may also play a role), without application of particular kinematic models for the production of near-flat 72 
subduction. Additional implications for magmatic, deformational, and dynamic elevation effects from 73 
variations in subduction kinematics have also been a matter of speculation, even as global reconstructions 74 
have increased in resolution. 75 
Progressive advances in a wide variety of fields over the intervening forty-plus years provides the 76 
opportunity for addressing the magmatic history, plate kinematics, hotspot-frame, and trace subduction 77 
effects together for the past 80 Ma. The advances include the generation and publication of thousands of 78 
isotopic dates of igneous rocks in the Andes by multiple laboratories in the Americas, Europe, Asia, and 79 
Australia, and improved, higher resolution plate-pair reconstructions (especially recent results from the 80 
South Atlantic and Southwest Indian Oceans to supplement earlier Southwest Pacific Ocean studies) and 81 
plate-hotspot reconstructions (especially in the Pacific Ocean, based on more accurate argon-argon dating 82 
and improved modeling techniques). 83 
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2. Rationale and Methodology  84 

At present, the Andean subduction zone is readily subdivided into five zones, as recognized and defined 85 
from the seismicity by Barazangi and Isacks (1976, 1979), three with a maximum dip of 40-45 degrees of 86 
the descending plate between 100 to 300 km in depth, and two with nearly horizontal dips just below 100 87 
km in depth (Figure 1). Deeper seismicity appears to be separated from the shallow zone, within 500 and 88 
800 km. The shallow, low-angle segments, beneath central Chile and adjacent Argentina and beneath 89 
central and northern Peru, are also distinctive in the absence of active volcanism along the Andean crest, in 90 
contrast with the other three, more steeply dipping shallow segments.  91 
Three inferred hotspot traces on the Nazca plate appear to be undergoing subduction beneath the Andes of 92 
South America, the Juan Fernandez chain, the Nazca Ridge, and the Carnegie Ridge. The first two are 93 
offshore of the contemporary low-angle subduction segments prompting the suggestion of a genetic 94 
relationship of the traces to the anomalous subduction (e.g., Pilger, 1981); the third may be responsible for 95 
incipient low-angle subduction beneath Colombia. The traces’ inferred sources are, respectively, the 96 
proposed Juan Fernandez (JF), Easter-Nazca (EN), and Galapagos-Carnegie (GC) hotspots (Figure 1).  97 
Numerous kinematic models for the production of the hotspot traces on the Pacific plate, assuming 98 
relatively fixed hotspots, have been produced since Morgan’s (1971) original proposal. Pilger and 99 
Handschumacher (1981) showed how the models of Clague and Jarrard (1973) and Jarrard and Clague 100 
(1977) could be extended to the three inferred traces on the Nazca plate via relative reconstructions of the 101 
Pacific and Nazca/Farallon plates (the Nazca plate is the largest of several to have formed from the 102 
fragmentation of the larger Farallon plate at about 25 Ma as recognized by Handschumacher, 1976). 103 
Reconstructions of the Nazca plate relative to the South American plate, first calculated by Pilger (1981, 104 
extended in 1983) were derived via the plate pair circuit South American > African > Indian > Antarctic > 105 
Pacific > Nazca (SA > AF > IN > AN > PC > NF). Subsequently, in Pilger (1984), the circuit was shortened 106 
when newly published AF > AN reconstructions could replace the longer and less precisely defined  AF > 107 
IN > AN sub-circuit. A number of other workers have provided updates to the reconstructions within the 108 
circuit, including Cande (1985), Cande and Leslie (1986), Pardo-Casas and Molnar (1987), Somoza (1998), 109 
Martinod et al. (2010), Somoza and Ghidella (2012), Muller et al. (2016, 2019), Bello-González et al., 2020, 110 
and Quiero et al. (2022). (Reconstructions by Yáñez et al. and two of three models of Martinod et al. are 111 
based on the absolute motions of the Nazca and South American plates according to Gordon and Jurdy, 112 
1986, assuming that the hotspot frameworks of the Pacific and Atlantic are fixed relative to one another. All 113 
of the other reconstructions cited do not make this assumption, relying only on relative plate-pair 114 
reconstructions.) Recognition that East and West Antarctica have acted at times as separate plates (Cande 115 
and Stock, 2000) introduced their replacement of a single Antarctic plate within the circuit, included in the 116 
circuit calculations, of the last four works, plus one of Martinod et al.’s models). In each ocean basin, 117 
periodically updated plate-pair reconstructions have been published by a number of workers. Thus it is 118 
possible to derive documented NF > SA reconstructions as early as 84 Ma (for earlier times, the connection 119 
through Antarctica to the Pacific is speculative). A few alternate circuits have been proposed, as further 120 
considered below. 121 
As noted, the correspondence of the two hotspot traces with segments of low-angle subduction could be 122 
genetic (other mechanisms have also been proposed in combination with hotspot traces or independent of 123 
them; see below). Thickened plate beneath aseismic ridges, formed at spreading centers could decrease 124 
the density contrast with the shallow asthenosphere at the subduction zone, resulting in shallower 125 
inclination of the oceanic plate. Intraplate hotspot traces might produce a decreased contrast due to heating 126 
of the plate along with marginal increase in thickness of the crust by the magmatic activity. Both proposed 127 
mechanisms have been modeled by several workers with divergent results. As shown by Pilger and 128 
Handschumacher (1981), the Nazca ridge was likely formed at the PC-NZ spreading center between 50 to 129 
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25 Ma, perhaps beginning even earlier (with older portions undergoing subduction beneath Peru). The Juan 130 
Fernandez chain is clearly younger than the surrounding Nazca plate and smaller in dimensions than the 131 
Nazca Ridge, so its effect on the subduction zone might be expected to be less significant than that of the 132 
Easter/Nazca trace, unless hotspot activity were of greater magnitude in the past.  133 
The contemporary correspondence of hotspot traces and low-angle subduction can be further tested by 134 
reconstructions of the hotspot traces relative to the Nazca -Farallon (NF) plate (extending the Pacific > 135 
hotspot, PC > HS, models via PC > NF plate-pair reconstructions), and the latter relative to the South 136 
American (SA) plate, via the global circuit, for comparison with the magmatic history of the Andes. Pilger 137 
(1981, 1984) applied this approach with lower-resolution plate-pair reconstructions and a very small number 138 
of published isotopic dates of Andean igneous rocks. Then available dates showed the expected 139 
correspondence over the last 13 to 15 m. y., for the Easter-Nazca (EN) and Juan Fernandez (JF) traces; 140 
that is, within the two studied segments, dated magmatism along the Andean crest and younger than the 141 
calculated timing of trace subduction was observed to be absent. However, the paucity of dating over much 142 
of the Andes limited confidence in the anticipated correspondence, especially reconstructions for earlier 143 
times.  144 
Higher resolution plate pair reconstructions are now available within some plate pairs within the circuit 145 
South American > African > East Antarctic > West Antarctic > Pacific > Nazca/Farallon (SA > AF > AN > 146 
WA > PC > NF), although a few limitations persist. One of the most significant shortcomings is the inability 147 
to propagate reconstruction uncertainties throughout since common magnetic isochrons for plate pair 148 
reconstructions within the circuit do not exist.  149 
Over the past forty years thousands of isotopic dates of Andean igneous rocks have been produced by 150 
laboratories in South and North America, Europe, Asia, and Australia. A compilation of greater than 20,000 151 
dates on igneous rocks from the Andes and adjacent areas from published sources (including more than 152 
10,000 dates younger than 100 Ma) provides a basis for comparison with the reconstructions. 153 
If the hotspot trace subduction effect exists, gaps or landward shifts in the magmatic foci should be 154 
observed for dates on the order of or younger than the reconstructed hotspot traces. (In addition, the 155 
reconstructions are also an implicit test of models of relatively fixed hotspots beneath the Pacific Ocean and 156 
the separate Atlantic-Indian Ocean hotspots.)  157 
Other postulated controls on subduction zone configuration, such as convergence rate, motion of the upper 158 
plate relative to the deeper mantle (i.e., “absolute motion”), and age of the subducting oceanic plate may 159 
also be relevant (e.g., Cross and Pilger, 1982), but, with the exception of the first, are not so easily 160 
distinguished. Convergence rate variations are readily calculated from the reconstructions, so semi-161 
quantitative comparisons are possible, recognizing the limitation of unknown uncertainties. Convergence 162 
rate inferences made in the first few decades of reconstructions (e.g., Pilger, 1983; Pardo-Casas and 163 
Molnar, 1987) suffered from inaccuracies and imprecision in the geomagnetic time scale, which appear to 164 
have decreased in recent years as more isotopic dating of sedimentary and volcanic sequences and 165 
correlation with solar cycle measurements have been incorporated (e.g. Gradstein et al., 2020). 166 
Unfortunately, motion of the South American plate in a hotspot frame is poorly constrained and of relatively 167 
low resolution in most extended models (e.g., Pilger, 2007); some analysis may be tentatively undertaken, 168 
nevertheless. 169 

3. Relative Plate Reconstructions 170 

Table 1 lists the primary sources of the relative plate-pair reconstructions within the SA > AF > AN > WA > 171 
PC > NF and SA > AF > AN > WA > NF circuits and HS > PC, HS > AF; these pairs are addressed further 172 
below). Supplementary Table 1 lists the actual parameters and assigned ages. DeMets et al. (2015) and 173 
DeMets and Merkoviev (2019) have provided high resolution reconstructions for AF > EA (since ~20 Ma) 174 
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and SA > AF (since ~34 Ma), while Croon et al. (2008) have calculated high resolution reconstructions for 175 
WA > PC for virtually the full time interval of interest. Pérez-Díaz and Eagles’ (2014) parameters complete 176 
SA > AF, while Royer and Chang (1991), Cande et al. (2010), Bernard et al. (2005), Nankivell (1997) 177 
complete AF > AN, at variable resolution. Wilder’s (2003) PC > NF reconstructions are confined to the 178 
interval 12 to 28 Ma, supplemented by partial reconstructions of Wright et al. (2015) and Seton et al. (2012) 179 
from the North Pacific for older times and two PC > NF reconstructions younger than 12 Ma, calculated from 180 
Tebbens and Cande’s (1987) WA > NF and Croon et al.’s WA > PC parameters (PA > NF is equivalent, of 181 
course, to PA > WA > NF, but with perhaps added uncertainty). A shorter circuit, involving SA > AN directly 182 
but of lower resolution, is also presented in Table 1 from Livermore et al. (2005), Eagles and Vaughn 183 
(2009), and Eagles and Jokat (2014). It is comparable to the primary circuit below.                 184 
The circuit reconstructions require interpolation since only a few isochrons are identified within all of the 185 
plate pairs. Conventional interpolation (e.g., Atwater and Molnar, 1973) utilizes constant stage poles and 186 
rates of rotation (introduced by Pitman and Talwani, 1972, and Weissel and Hayes, 1972) between 187 
reconstructed isochrons at discrete times. Piecewise polynomial interpolation (e.g., cubic splines) is an 188 
alternative approach (Pilger, 1981b, 2003, 2007), which allows for continuous change in kinematics; 189 
constant stage poles and rates force changes to correspond with the discrete isochron reconstructions (the 190 
most confidently identified isochrons are those formed during apparent periods of constant rotation pole, if 191 
not constant rate; forcing changes to correspond with just such times is very likely incorrect). Rather than 192 
select discrete isochrons, reconstruction parameters are calculated at unit m. y. intervals via the splines. 193 
Logically, meaningful reconstruction uncertainties cannot be determined by interpolation; by definition, 194 
interpolation provides synthetic parameters for times in which such parameters are unavailable. 195 
Uncertainties for discrete reconstructions derived by conventional means (e.g., Kirkwood et al., 1997) are 196 
linearized approximations of nonlinear forms which do not have a temporal dependency since they are 197 
derived for individual isochrons whose assigned ages are identical and irrelevant to the uncertainties. 198 
(Livermore et al. 2014, did apply a method of simultaneous reconstructions of sequences of isochrons via 199 
flowlines, including uncertainties, after Shaw and Cande, 1990, but the approach has not been expanded 200 
upon, probably because the number of reconstruction and flowline parameters sought can become 201 
unwieldy.) 202 
The geomagnetic timescale of Ogg (2020) is utilized for the reconstructions and cubic spline interpolation. 203 
The spline interpolation is applied to each plate pair, converting the spherical coordinates to Cartesian with 204 
magnitude equal to the average rotation rate. The algorithms of Press et al. (1992) produce the spline 205 
coefficients and interpolated pseudovector parameters, converted to quaternion parameters. The latter 206 
parameters are combined utilizing the derivation of Francheteau (1973; also in LePichon et al. 1973) and 207 
ultimately converted back to spherical coordinates. (Supplementary Table 2 provides the interpolated 208 
parameter sets for each pair at 1 m. y. intervals.) 209 
Table 2 provides the calculated parameters for the reconstructions of the Nazca/Farallon plate to the South 210 
American plate at 1 m. y. Intervals. Resolution is best achieved between 12 and 20 Ma, and, to a lesser 211 
extent, between 20 and 33 Ma. Pacific to Nazca/Farallon reconstructions are probably the least certain in 212 
the primary circuit because of the sparsity of magnetic survey coverage of the east-central Pacific Ocean; 213 
this is particularly unfortunate since this boundary has the highest average spreading rates of the entire 214 
circuit (e.g. Pilger, 1983), thereby providing the greatest contribution to the net kinematics and potential 215 
variability.  216 

4. Hotspot - Plate Reconstructions 217 

Since Morgan’s (1972) original parameterization of the Hawaiian-Emperor (H-E) hotspot trace (together with 218 
the Tuamotus and Line Islands) a number of workers have revised the parameters based on progressive 219 
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isotopic dating of volcanism along not only the H-E trace, but also others on the Pacific plate. Critical to 220 
modeled parameters was the introduction of argon-argon dating which demonstrated many measured 221 
island/seamount potassium-argon dates are apparently too young, most familiarly, the bend in the H-E 222 
chain, which is now accepted to be closer to 48 Ma based on argon-argon dating (Sharp and Clague, 2006; 223 
O’Connor et al. 2013) rather than the K/Ar date of 43 Ma and an even earlier, projected 27 Ma (Clague and 224 
Jarrard, 1973), while the Line Islands are much more complex than Morgan had interpreted. Interestingly, 225 
Harada and Hamano’s (2000) model for the Pacific hotspot traces produced an implicit age of 48 Ma for the 226 
bend, even before Sharp and Clague’s (2006) revised date was published and independent of relative plate 227 
motion evidence.  228 
The most recent models of Pacific - hotspot motion which incorporate the 48 Ma age for the bend and other, 229 
newly recognized traces, are Wessel and Kroenke (2008) and Gaastra et al. (2022). Some workers argue 230 
that the dating and paleomagnetic measurements require significant relative motion of the Hawaiian and 231 
Louisville hotspots; Gaastra et al. (see sources cited in their paper) show that one issue is the presumption 232 
of where the point in the Louisville chain corresponding to the HE bend is located; their revised model, 233 
without such an assumption, fits the two primary traces plus parts of additional traces recognized on the 234 
Pacific plate resulting in minimal motion between hotspots.  235 
It should be noted that most Pacific hotspot models do not take the apparent traces on the Nazca and 236 
Cocos plates into account; one exception is that of Pilger and Handschumacher (1981; also Pilger, 1983) 237 
who noted that the Easter-Nazca trace is better fit by an age for the HE bend close to isochron 21 or 22, 238 
now dated between 45.724 and 49.344 Ma (Ogg, 2020), than the then widely accepted 43 Ma; the older 239 
age also corresponds with a significant change in motion of the Farallon and Pacific plates, another point of 240 
contention with the 43 Ma date (e.g., Norton, 1995). Hu et al., (2022) document a variety of circum-Pacific 241 
changes at 50 Ma, which also support that age for the bend. That dates from seamounts may be as much 242 
as 3 m. y. younger than the onset of their formation has been suggested by O’Connor et al. (1995) and Ray 243 
et al. (2012) as applied to the Easter-Nazca chain (Maia et al. 2005, based on magnetic surveys and 244 
modeling of the near-ridge part of the Foundation seamount chain on the Pacific Plate, argue that some 245 
seamount formation occurs within a period as short as 1 m. y.). 246 
 247 
Because both models, Wessel and Kroenke (2008) and Gaastra et al. (2022), for Pacific-hotspot motion are 248 
based entirely on isotopic ages, they do not need to be adjusted for changes in the geomagnetic time scale. 249 
However, in order to test the models against the traces on the Nazca plate, which involve magnetic reversal 250 
isochrons for the PC > NF plate reconstructions, it is necessary to document the timescale used, in this 251 
case, that of Ogg (2020). For this work, the parameters of Gaastra et al. (2022) are utilized, with ages from 252 
25 to 48 Ma linearly reassigned from 25 to 50 Ma, and from 48 to 80 Ma from 50 to 80 Ma. Wessel and 253 
Kroenke’s (2008) parameters from 78 Ma through 144 Ma are used for calculating stage parameters which 254 
are linearly interpolated and then combined with Gaastra et al.’s parameters at 80 Ma to produce total 255 
rotation parameters from 80 to 140 Ma. Supplementary Table 1 includes the two Pacific-hotspot model 256 
parameter sets; Supplementary Table 2 includes the cubic spline-interpolated parameters by the same 257 
procedure used for the relative plate reconstructions plus the calculated Nazca-hotspot parameters for the 258 
two hotspot models. 259 

5. Nazca and Cocos Plate Hotspot Loci at Present 260 

Note: It is suggested that the reader obtain the Keyhole Markup Language files in the Supplementary Data 261 
and display them in Google Earth (or another GIS software program which also displays regional 262 
geographic features, such as physiography, coastlines, trenches, islands and seamounts, and country 263 
boundaries). The descriptions in the next sections are more easily visualized in this manner. 264 
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Figure 2 illustrates back-tracked loci of individual dated volcanic samples from inferred hotspot traces on the 265 
Pacific, Nazca, and Cocos plates, using the model of Gaastra et al. (2022; “GGW22”) for Pacific-hotspot 266 
motion, extended to the two other plates; at the scale of the two figures, the model of Wessel and Kroenke 267 
(2008, “WK08”) would not produce obvious differences for the Pacific plate. Figure 3 shows loci for the two 268 
models of hotspot motion relative to the Nazca/Farallon plate (from revised dating of the Hawaiian-Emperor 269 
bend, as described above; see also Supplementary Keyhole Markup Language, “*.kml,” files), based on 270 
WK08, and GGW22, are calculated for the three inferred contemporary hotspots with respect to the Nazca-271 
Farallon plate, propagated from the Pacific plate as described above. The hotspot locations are adjusted to 272 
best fit the bathymetric expression of each trace to the GGW22 loci. (There are a number of published 273 
dates for the JF, EN, and GC hotspot traces, included in a Supplementary Data kml file; they are not 274 
inconsistent with the calculated loci described in this paper.) 275 
The extensions of the modeled loci into the South American plate (Figure 3 and subsequent illustrations 276 
below) are not adjusted for the configuration of the subducted slab, since the kinematic path along the slab 277 
is unknown, nor, for past reconstructions, is the slab configuration independently known; the individual loci 278 
would be relocated several tens of kilometers or more to the southwest or west of the modeled surface 279 
locations if the configuration were confidently known.  280 
Figure 3 shows that both WK08 and GGW22 fit the 25 Ma bend in the EN trace fairly well, but with different 281 
inferred locations for the Easter hotspot (its contemporary location is poorly constrained). However, there is 282 
a significant deviation of the younger part of the JF and GC loci from the observed bathymetry for those 283 
based on the WK08 model compared with the GGW22 model; the WK08 model would fit better if the 284 
contemporary JF hotspot location were further southwest of the westernmost extent of the JF chain; even 285 
so, its orientations are still significantly different than those of the JF and GC traces.  286 
For the purposes of this study, the recalibrated GGW22 Pacific-hotspot model is utilized because of its 287 
better fit to the observed portions of the JF and GC traces and the other data presented below. Before 288 
further consideration of the relationship of the GGW22 loci to other geological observations, it is convenient 289 
to summarize the shape of the loci through time. The JF locus, from present into the past extended east-290 
west from 0 to ~25 Ma, to the northeast between ~25 and ~85 Ma, more easterly from ~85 to ~110 Ma, and 291 
northerly between ~110 to ~120 Ma; it then curves back to the west to north-north easterly from ~120 to 292 
~140 Ma. (The part of the locus between 105 and 125 Ma, termed herein the “hammerhead,” appears in 293 
another guise below.) The abrupt “kink” in the locus about 50 Ma is inherited from the parameters of the 294 
GGW22 Pacific-hotspot model close to the HE bend and is independent of the PC > NF parameters. (The 295 
80 to 140 Ma part of GGW22 is based on the equivalent part of WK08A combined with the 80 Ma GGW22 296 
parameters.) 297 
It is possible that the older parts of the locus, assumed attached to the Farallon plate, may never have 298 
formed in the first place as another plate may well have existed above the JF hotspot at that time, if the 299 
hotspot, also, then existed. Other evidence for the trace and plate is essential to provide support for the 300 
hotspot’s existence and expression at progressively earlier times.  301 
Returning to the younger part of the loci, the GGW22 modeled JF trace corresponds well with the shallow-302 
to-intermediate-depth seismicity pattern in central Chile extending into Argentina (Figure 4), and lesser 303 
shallow seismic clusters appear along the GGW22 extensions of the EN and GC loci (Figure 1; see also 304 
Alvarez et al., 2014). If the ridges indeed extend where the model suggests, instead of hotter, partially 305 
molten asthenosphere in the wedge between the subducting slab and the upper plate, drag against the 306 
upper plate by the shallowly dipping lower plate could induce resistance, propagating enhanced shallow 307 
deformation and seismicity into the upper (South American) plate above the subducting trace. 308 
As recognized by Barazangi and Isacks (1976), contemporary volcanism along the crest of the Andes is 309 
present within the more steeply dipping segment of the subduction zone from southern Peru into northern 310 
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Chile, and absent within the low-angle subduction segments. The respective presence and absence of the 311 
asthenospheric wedge is invoked to explain the difference (see also Cross and Pilger, 1982). 312 
The reconstructed loci in their contemporary locations require only the Pacific-hotspot kinematic models and 313 
Pacific-Nazca/Farallon reconstructions (without attempting to address their deformation in the subduction 314 
zone). To compare the loci through time relative to the magmatic history of the Andes requires the global 315 
circuit plate reconstructions.  316 

6. Nazca Plate Hotspot Loci Relative to South America since 80 Ma 317 

The three Model GGW22 hotspot trace loci (Figure 3) are further reconstructed relative to South America for 318 
discrete times, via the global circuits to 80 Ma. (The hotspot traces themselves are reconstructed from the 319 
Pacific to the Nazca plate to 140 Ma.) Figure 5 shows the loci in relation to the continental plate at 1 m. y. 320 
intervals. From the figure one may infer that essentially east-west subduction at the latitude of the JF Ridge 321 
occurred over the last twenty million years, with most rapid convergence of the Nazca and South American 322 
plates between 25 and 15 Ma (higher resolution analysis of convergence rate and direction variations is 323 
addressed further, below). Additionally, the reconstructions imply that subduction of the JF trace was largely 324 
confined to the contemporary zone of low-angle subduction for the past ~13 m. y. (which is consistent with 325 
Pilger’s 1984 reconstructions over the same period). Between 25 and 13 m. y., the locus intersection with 326 
the trench progressed southward from northernmost to central Chile. (Since the trench may have been in a 327 
more oceanward position, the intersection points would be farther to the southwest relative to the stable 328 
interior of the South American plate.) From ~45 to ~25 Ma, the reconstructed JF trace implies roughly east-329 
west convergence within a narrow zone beneath southern Peru, northern Chile, Bolivia, and northern 330 
Argentina; the reconstructed trace first encountered the subduction zone about between 70 and 65 Ma. 331 
The reconstructed Easter-Nazca (EN) trace first encountered the Trench offshore present-day northern 332 
Colombia between 45 and 40 Ma (Figure 3), maintaining a southwesterly migrating intersection with the 333 
trench onshore Colombia and Ecuador until about 18 Ma, when the intersection migrated to the south-334 
southeast more rapidly, to its contemporary position off southern Peru. As with the JF trace, the position of 335 
the trench may have been farther west relative to the interior of the continent at progressively earlier times, 336 
contributing some additional uncertainty to the intersection locales. 337 
The reconstructed GC trace first intersected the Nazca-Pacific boundary between 35 and 30 Ma (Figure 3), 338 
near the contemporary Caribbean-South American-Nazca triple junction, extending beneath the complex 339 
Caribbean-South American boundary of northern Colombia and Venezuela (Figure 1). It is possible that the 340 
hotspot location could be farther east, resulting in onset of low-angle subduction at an earlier time. 341 
As observed above, the older parts of the loci may never have developed on the older part of the Farallon 342 
plate if the corresponding portions of the latter did exist; the projected part of the Farallon plate is based on 343 
isochrons in the Northwest Pacific. Corresponding parts of the Pacific plate with those projected under 344 
South America are also unknown because they are presumably beneath the northeastern Australian plate, 345 
having been subducted, if they, also, ever did exist. The reconstructions of Clennett et al. (2020), focused 346 
on the northeast Pacific, do include an existent, subducting Farallon plate offshore South America as early 347 
as 80 Ma; prior to that time, they infer accreting terranes, island arc fragments, as far south as Colombia, 348 
with another intervening plate which completed subduction before the end of the Cretaceous. (Clennett et 349 
al.'s reconstruction circuit includes most of the components of the circuit utilized in this study, except their 350 
primary concern is North, not South, America relative to the plates of the Pacific and Mesozoic accreted 351 
terranes. Bello-González et al., 2020, utilizing essentially the same database as Clennett et al., produces 352 
positions of the hotspot traces in the global average reference frame.)  353 
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7. Volcanic history of the Andes and reconstructed hotspot loci  354 

As anticipated, the patterns of magmatism in the Andes apparently reflected interaction with subducting 355 
hotspot loci in spatial/temporal gaps or landward displacement of igneous foci from then sparsely available 356 
potassium-argon isotopic dates (Pilger, 1981, 1984). The more recently acquired abundant dating, much of 357 
it argon-argon and uranium-lead, by multiple workers from the Andes and adjacent areas (compiled as part 358 
of the current study and provided in Supplementary Data; to be accessible via GEOROC, 359 
http://georoc.mpch-mainz.gwdg.de/georoc/) provides additional testing of the hypothesis. Display of four-360 
dimensional data in comparison with reconstructed loci is a challenge, however, and would require a large 361 
number of two-dimensional maps and graphs and/or projection into three dimensions via digital goggles and 362 
sophisticated visualization software. In order to produce a small set of two-dimensional and pseudo-three-363 
dimensional portrayals, the intersections of loci with the trench and sub-parallel landward segmented lines 364 
have been calculated for display in age versus distance from the trench graphs in addition to the maps 365 
provided in the Supplementary Data (the data sets are also available in spreadsheet and kml formats within 366 
Supplementary Data files). 367 
(In the Supplementary Data, Google Earth views of the JF and EN hotspot trace loci and isotopic dates of 368 
igneous rocks in the Andes in 10 m. y. Increments from 80 Ma to the Present are displayed together with 369 
the preferred model loci. It is apparent in such views that it is difficult to recognize the correlation of the JF 370 
trace with magmatic patterns except for the most recent period, 0-10 Ma. To a greater extent the apparent 371 
absence of significant magmatism for the same period from central to northern Peru, corresponds with the 372 
reconstructed EN loci.)  373 
Plots of magmatic isotopic age versus distance along the Andes are more enlightening. Figure 6a illustrates 374 
the Peru-Ecuador-Colombia part of the Nazca-South American boundary in a set of charts with the trench, 375 
dates, and loci rotated 24.5° around a pole at 15.8° S latitude and -74.8° W longitude (the rotation 376 
parameters are chosen to approximately orient the Andean crest and the average trench north-south). Each 377 
chart incorporates rotated dates and loci points (calculated at 1 m. y.) in intervals of 1° east-west distance 378 
(~111 km) from the trench along parallels (rotated coordinates). The distribution of the isotopic dates from 379 
Peru and Ecuador younger than 15 Ma closely corresponds, as expected, with the projected locus points of 380 
the Easter-Nazca trace, producing a time-transgressive cessation from north to south, parallel with the locus 381 
intersections, lagging the loci (Figure 6a A-D), and strengthening the tentative correlation previously 382 
observed with the much sparser data set (Pilger, 1984). Resumption of magmatism is apparent along the 383 
northern part of the segment. Loci from the Juan Fernandez hotspot also reach into this segment and 384 
largely correspond with gaps in dates between 40 and 30 Ma. (There are obvious limitations with the rotated 385 
dates in the southern part of the segment in that the trend of the Andes undergoes a change from NNW to 386 
nearly NS.) Even with the increase in number of isotopic dates from the mid-1980s, there is still a paucity 387 
from northern Peru, although it is possible that a significant igneous history is hidden by late Cenozoic 388 
sedimentation in the upper Amazon basin, which appears to have formed in response to the onset of low-389 
angle subduction (Cross and Pilger, 1978b).  390 
Figure 6b shows a similar (unrotated) plot for the isotopic dates between 0 to 80 Ma, south of 15.8° S 391 
latitude, in 1° intervals, similarly bounded by the project loci points as in Figure 6a; a more subtle correlation 392 
appears to be present. The cessation of volcanism above the contemporary central Chilean-northern 393 
Argentinian low-angle subduction segment is inferred to have begun at approximately 13 Ma along the 394 
Andean crest, based on the isotopic dates; the locus of the projected Juan Fernandez trace stabilized in the 395 
segment at approximately the same time, as Pilger (1981, 1984) showed. Figure 7 illustrates projection of 396 
dates to the trench, utilizing the modeled convergence rates; in addition, the calculated intersections of the 397 
JF and EN traces with the trench are included. 398 
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What was not obvious in previous work, due to sparsity of data, was an apparent correspondence of date 399 
distributions with the JF loci prior to 13 Ma. The significantly larger number of isotopic dates from Chile, 400 
Argentina, Bolivia, and southernmost Peru allow for closer examination. For dates within 300 km of the 401 
trench, the absence of such dates for the last 10 m. y. in the region where the JF locus intersects the trench 402 
and the parallel line segments 150 and 300 km east of the trench is quite apparent, as noted above – the 403 
contemporary zone of low-angle subduction (Barazangi and Isacks, 1979). Earlier, between 25 and 13 Ma 404 
there is an onset of increasing density of dates paralleling the JF locus extending from north to south from 405 
the contemporary low-angle segment in each chart. For dates greater than 300 km from the trench, there is 406 
an even greater correspondence with the loci; that is, a greater density of dates far from the trench is 407 
observed paralleling and the locus intersections from 3 to 7° (approximately 333 to 777 km). There are a 408 
number of earlier dates apparent prior to the predicted location of the JF ridge. What is the significance of 409 
the correlation? It is inferred that the JF trace produced a tentative increase in magmatism after it had 410 
progressively moved from north to south; in other words, a short-lived period of low-angle subduction 411 
interrupted normal subduction and was quickly followed by resumption of magmatism after passage of the 412 
trace; the low-angle subduction expanded the zone of magmatism to the east which then persisted after 413 
passage of the ridge beneath. Note that the oldest parts of the loci in each diagram (Figure 6b-A) records 414 
the “hammerhead” in map view above (Figure 5); note also that the distribution of oldest igneous dates in 415 
Figure 6b B-E, and F, also produce a similar shape, but older than the trace points.  416 
That the loci intersections overlap with somewhat older dates in the same area with other factors may be 417 
involved; the other possible mechanisms include: (1) the age progression along the Hawaiian trace may be 418 
older than the combined GGW22 and W08 model, which would increase the age of the intersection of the 419 
consequently longer and more easterly trending JF locus; (2) the JF hotspot may be located farther east; (3) 420 
reconstructions between the Pacific and Nazca/Farallon plate since about 25 Ma are in error, due to 421 
sparsity of isochron identifications (the high resolution identifications across the other plate-pair boundaries 422 
are unlikely to be significantly erroneous); (4) the north-south zone of influence of the subducting trace may 423 
have been significantly wider, affecting magmatism to the south of the southward-migrating intersection 424 
(note the width of the magmatic zone from 0 to 5 Ma, Figure 8). 425 
That Juan Fernandez ridge subduction has been responsible for rotation of the region south of 15°S, i.e., 426 
oroclinal bending (Isacks, 1988), has been proposed by a number of workers (e.g., Martinod, 2010, 427 
Arriagada et al., 2013). The magnitude and timing of this deformation, ~20-25 Ma, is supported in part by 428 
paleomagnetic evidence (e.g., Dupont-Nivet et al., 1996, Arriagada et al. 2013, Puigdomenech et al., 2021) 429 
and corresponds with the calculated intersection of the JF trace with the trench (Pilger, 1981, 1984, this 430 
paper).  431 
O’Driscoll et al. (2015) suggest that a Farallon plate complement to the western Pacific Manihiki Plateau 432 
(MP) may have been responsible for the orocline; however, their reconstructions are inconsistent with those 433 
present here; herein the modeled JF trace first intersected the trench off Peru about ~65 Ma, continuing to 434 
~45 Ma before migrating south off Chile; the position O’Driscoll et al. illustrate for the MP relative to SA at 435 
50 Ma would imply its subduction after JF subduction began. However, the present MP is west of the oldest 436 
part of the synthetic JF trace extended to the Pacific plate, implying subduction of an MP complement on 437 
the Farallon plate (to the east of JF) before JF trace subduction began beneath Peru.  438 
 439 

8. Mafic Magmatic Evidence  440 

With the exception of data 13 Ma and younger, the evidence for JF interaction in the magmatic evidence 441 
shown above might be questioned by some: in a progressive north-to-south increased intensity in magmatic 442 
activity represented by the increased density of isotopic dates, in parallel with the trace intersections? In an 443 
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effort to examine evidence for possible back-arc extension, independent of testing for the proposed JF 444 
“effect,” isotopically dated samples of identified mafic rocks were filtered from the larger Andean igneous 445 
data set. These included basalt, basaltic andesite, diabase, and gabbro as well as more generally defined 446 
mafic and basic rock types. Identifications appear to extend from field examination to thin section analysis in 447 
the original publications. (Modal analyses based on geochemistry of dated samples are not as common, 448 
and, therefore, are not incorporated.) 449 
Figure 9 illustrates the mafic samples, binned into segments of 1° of arc from the trench (measured along 450 
parallels). Adjacent segments are shown in Figure 10A-E along with modeled JF and EN hotspot traces, 451 
using the reconstruction model (and rotation of northern samples) as described above.  452 
Note that the modeled traces serve as incomplete envelopes bracketing magmatic episodes older and 453 
younger than the traces at each latitudinal point. On the older side, the JF trace bounds mafic samples 454 
which progress from west to east and north (~12° S) to south (35° S), terminating from ~80 Ma to the 455 
present. In some cases, the mafic magmatic episodes appear to expire several million years prior to the 456 
calculated intersection of the trace. On the younger side, the JF trace bounds the onset of mafic 457 
magmatism, particularly farther east from the trench, from 50 Ma at 15 S° to the Present at 28° S. This 458 
pattern appears to be more obvious than within the total data set from 0-80 Ma (Figure 6), although the 459 
interpreted larger data distribution relative to the modeled traces is consistent with the more obvious pattern 460 
in the mafic dates. The mafic data from the northern Andes is consistent with the location of the EN trace 461 
intersections recognized in the larger data set, without obvious trends in inception and cessation of mafic 462 
magmatism.  463 
The mafic dates are more clearly consistent with JF interaction as modeled by the reconstructions, 464 
strengthening the inference as applied to the larger data set. The full as well as the smaller mafic data sets 465 
are also consistent with interaction of the EN trace with the Andean subduction zone. Further, simple 466 
comparison of loci calculated in the other hotspot reference frames indicates a “best fit” of the extended, 467 
older GGW22 model. 468 
 469 

9. Alternatives 470 

A number of workers have proposed alternative mechanisms for the production of low-angle subduction, 471 
especially the two segments of the Andes in which flat slabs are observed, including Espurt et al. (2008), 472 
DeCelles et al. (2009), Skinner and Clayton (2013), Schepers et al. (2017), and Schellart (2020). In each 473 
case, some aspects of convergence rate, age of subducted plate, crustal thickening within the upper plate, 474 
duration of subduction episode, and/or surface erosion are invoked to explain the "anomalous" subduction 475 
with or without or minimizing the hotspot trace convergence effect. In some cases the workers have 476 
considered the contemporary structures and phenomena without considering the geohistorical evolution of 477 
the region; testing of plate reconstructions of the plates and hotspot traces over time is not incorporated into 478 
some of the models, nor evidence for the evolution of the volcanic gaps through time. Subduction of very 479 
young lithosphere may well occur at a low angle for the same reason as hotspot traces: young hot, thin 480 
plate, thinned lithosphere due to intraplate magmatism, is of lower net density than older and, therefore, 481 
colder plate.  482 
Other factors may also be important in the back-arc region, depending on the motion of the upper plate 483 
relative to the subducting slab, and, perhaps, independent of whether normal or anomalous plate is being 484 
consumed (e.g., Cross and Pilger, 1982; Jarrard, 1986). Skinner and Clayton (2013) pointed to seeming 485 
exceptions – subducting aseismic ridges with no obvious effect on subduction configuration, including a 486 
small shallow aseismic ridge offshore of northern Chile, which Cande and Haxby (1991) originally proposed 487 
represented a propagating fracture zone by matching it with a corresponding feature on the Pacific plate. In 488 
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addition to apparent fracture offsets, the anomalous depth might indicate the ridge could have formed from 489 
a hotspot under the spreading center which localized the fractures; a candidate for the ridges’ hotspot is the 490 
same melting center assumed to have produced the Foundation seamount chain on young Pacific plate 491 
(Contreras-Reyes, 2021). Utilizing Gaastra et al.’s (2022) parameters with the same age modifications as 492 
described above, the resulting loci come close to the two corresponding ridges (Figure 11); when one 493 
compares the age of the hypothetical hotspot trace with the age of adjacent lithosphere from magnetic 494 
isochron studies (i.e., the latest GSFMC compilation: Seton et al., 2014, included links) it is apparent that 495 
only a short section of the locus could have formed on the Farallon plate, that corresponds with the 496 
observed, offshore Chile ridge; the rest of the loci segments are older than the plate above which they are 497 
constructed and, therefore, could not have formed on the Farallon plate or at the spreading center; rather 498 
the hotspot would have been under the Pacific plate. If the locus is approximately correct, the short ridge 499 
segment on the Nazca plate has only limited extent and has not yet encountered the trench. Is it possible 500 
that older portions of the inferred Foundation trace were subducted? It seems unlikely, as the older part of 501 
the trace is still probably older than the corresponding subducted plate, at least within a few hundred 502 
kilometers inland of the trench. 503 
 504 
The inferred inadequacy of a buoyancy effect in some calculated models may point to the need to consider 505 
auxiliary phenomena if the modeling cannot reproduce low-angle subduction. The observation of low-506 
velocity mantle deeper beneath the subducting slab under southern Peru (Bishop et al., 2017) – the 507 
recognized continuation of the Nazca ridge – is particularly striking. That is, the buoyancy effect of the 508 
thickened crust may be augmented by low-density mantle beneath the subducting plate. Paleomagnetic 509 
evidence from southern Peru indicates late Cenozoic deformation of the Andes (Rousse et al., 2017). This 510 
corresponds with the progressive southern migration of the Nazca ridge along the Andes, and, by inference, 511 
the subducting ridge and its underlying anomaly. Other aspects of apparent Nazca ridge migration, on the 512 
trench side, and the foreland side of the Peruvian arc are also worthy of further investigation. Might such 513 
anomalies exist under intraplate hotspot traces? If so, and especially beneath younger traces, this might 514 
explain the negligible effect of subduction of old traces in the western Pacific have (Cross and Pilger, 1982; 515 
Jarrard, 1986; Skinner and Clayton, 2013); such anomalies, if of thermal origin, could have decayed over 516 
time.  517 
 518 
3 519 
One remaining issue is the persistence of low-angle subduction beneath northern Peru after inferred 520 
passage of the Easter-Nazca trace beneath, as the contemporary position of the trace is predicted to 521 
continue well to the east. Note that all trace reconstructions do not incorporate conformance of the traces 522 
onto the inferred subduction zone. Were such calculations added, the position of the trace would be farther 523 
to the west, but it is not clear if the apparent anomaly would be fully resolved by such a “correction.” One 524 
more possible factor may be relevant: younger plate is undergoing subduction beneath northern Peru than 525 
plate beneath central and southern Peru. As noted above and is apparent beneath southern Chile, younger 526 
plate subducts at lower angles than older plate (Figure 12; see also Cande and Leslie, 1986, for discussion 527 
of the offshore southern Chile example). 528 

10. Convergence Rates and Directions 529 

The reconstructions derived in this study also provide estimates of variations in convergence rate and 530 
direction across the Nazca/Farallon - South American plate boundary. Significant revisions to the 531 
geomagnetic timescale result in differing convergence rate calculations from those in the 1980s (e.g., Pilger, 532 
1981, 1983; Cande, 1985; Pardo-Casas and Molnar, 1987) on top of the higher resolution of newer plate-533 
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pair reconstructions. Cande and Kent’s (1995) timescale has been the standard for most subsequent plate 534 
kinematic analyses, e.g. Muller et al. (2019) and previous University of Sydney syntheses; the latest 535 
timescale of Ogg (2020), utilized in this study, produces results not that much different from Cande and 536 
Kent, even as it is aligned with the orbital-tuning refinements incorporated into the latest geological time 537 
scale (Harland et al. 2020). 538 
 539 
Figure 13A illustrates the calculated instantaneous convergence rate variations over the last 80 m. y., as 540 
derived from the global plate reconstructions via spline interpolation of pseudo-vectors and their gradients 541 
(Pilger, 1983, 2003) at several locations along the South American-Nazca plate boundary. At a resolution of 542 
1 m. y. variations in apparent rates are significant, but perhaps misleading. The variations could represent 543 
uncertainties in isochron picks, the spline interpolation, and/or the geomagnetic timescale which are 544 
magnified by calculation of the gradient. 545 
 546 
By undertaking a moving average (Figure 13B) four distinct relative peaks in convergence rates are 547 
recognizable. The first, just before the end of the Cretaceous, between 78 and 68 Ma, is followed by a deep 548 
minimum between 65 and 55 Ma. Three more peaks, each greater than the previous, follow, between 54 549 
and 49, 45 and 40, and 22 and 15 Ma. The drop-off since 18 Ma includes some apparent stationarity 550 
between 14 and 9 Ma, with a smaller “shoulder” around 7 to 5 Ma. It is important to keep in mind that the 551 
highest rates of motion in the circuit are between the Nazca/Farallon and South American plates, which has 552 
the lowest resolution, especially in the past 15 m. y., and prior to 30 Ma.  553 
 554 
A simple histogram of all of the compiled dates 80 Ma or younger, at 5 m. y. bins (Figure 14A), when 555 
compared with the convergence rates, does not demonstrate any obvious visual correspondence. Perhaps 556 
a finer comparison, focused on date frequency relative to distance from the trench and age would reveal a 557 
better correlation (Figures 14B-G); however, there still is no obvious correspondence. 558 
 559 
If there is a correlation between convergence rate and magmatism, it might be manifested in a certain 560 
amount of lag time between the time of subduction and its manifestation in a change in magmatic volume 561 
(for which the dates are a proxy). Simple correlation of the number of dates in one-million-year bins versus 562 
convergence rate normal to the margin produces a value of 0.26. For simple convergence rate, the value is 563 
0.07. Cross-correlation over 0-80 m. y., at a 1 m. y. Is displayed in Figure 15. The absence of a sharp peak 564 
implies the absence of a simple lag from subduction to magmatism. The broad peak, cresting between 13 565 
and 22 m. y. could be interpreted as an integrated effect of waves of magmatism complexly correlated with 566 
convergence rate over a broad lag in time. Of course, it is important to recognize that sampling of the 567 
igneous activity in the Andes has not been focused on measuring changes in volumes of magmatism over 568 
time; that is the histograms maybe only vaguely indicative of magmatic intensity. 569 

11. Southern Andes and Spreading Center - Trench Interaction 570 

The southern Andes differ from the central and northern parts of the range insofar as the latter have 571 
apparently interacted with the Nazca/Farallon plate most of the Cenozoic, while the former has been 572 
inferred to be affected by proximity to the Nazca-West Antarctic spreading center for at least the Late 573 
Cenozoic (Cande and Leslie, 1986) and, consequently, slow subduction of the young, hot WA plate. The 574 
updated global reconstructions as part of this study have been applied to identified WA-NF isochrons and 575 
restored to both their apparent positions relative to SA at the time they formed but also projected forward in 576 
time at 1 m. y. Increments to provide apparent positions of younger, now subducted isochrons 577 
reconstructed to the SA plate as well (Figure 16). The synthetic assumption for the younger reconstructed 578 
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isochrons is that spreading continued after subduction at the same rate and geometry as the rest of the still 579 
active part of the NF-WA spreading center. So the reconstructed isochrons approximate the hypothetical 580 
spreading center beneath SA at the age of the rotated isochron. This is not to imply that spreading actually 581 
did persist for millions of years after the first encounter of the ridge with the trench. However, the pattern of 582 
the reconstructed isochrons relative to the pattern of isotopic ages from the same nearest the trench are 583 
intriguing: Reconstructed isochrons along the trench and along segmented lines approximately parallel to 584 
the trench at 150 km spacings are plotted along with isotopic ages in age versus latitude charts (Figure 17). 585 
Note the similarity in patterns of reconstructed isochrons along the trench,150 km east of the trench and 586 
isotopic ages between the two segmented lines (Figure 17). The near-trench patterns have two obvious 587 
implications: hotter subducting plate resulted in closer proximity of volcanism, very similar to the pattern 588 
observed in the North Pacific as parts of the Farallon-Pacific spreading center approached the California 589 
subduction zone beginning about 25 Ma (Pilger and Henyey, 1979). The corresponding patterns in the 590 
southern Andes, with this interpretation, provide additional support for the resilience of the global plate 591 
reconstructions for the past 45 m. y., while the hotspot trace patterns described above support the 592 
reconstructions since at least 60 Ma.  593 

12. Other Hotspot Reference Frames 594 

It is not enough to demonstrate an apparent correspondence of hotspots in one reference frame, in the 595 
Pacific, with subduction-related magmatic patterns. Other hotspot reference frames outside of the Pacific 596 
have also been proposed. Müller et al.'s classic (1993; “M93”) hotspot-plate model for the plates of the 597 
Indian and Atlantic Oceans is one example and a globally averaged hotspot reference frame is another 598 
(Muller et al., 2019, “M19”).  599 
There are two rationales for using Müller et al. (1993) in addition to their own documentation. As first 600 
recognized by Oxburgh and Turcotte (1974), mid-to-late Cenozoic isotopic dates from East Africa imply a 601 
southward progression of volcanic inception; Pilger (2003), based on a larger data set, inferred two 602 
southward progressions of inception, from 60 Ma (southern progression – the one Oxburgh and Turcotte 603 
recognized) and from 40 Ma (northern progression). What is intriguing is that the progressions are both 604 
consistent with M93. That is, the asthenospheric magmatic sources responsible for the two groups of East 605 
African volcanism appear to be fixed relative to the other hotspots that comprise the foundation of M93.  606 
The second rationale is provided by Müller et al. (1999) who showed that reconstructions of the paleo-607 
positions of the Caribbean island arc are also consistent with the M93 reference frame. Using Pindell and 608 
Kennen’s (1991) reconstructions of the Caribbean plate relative to North America, restoration via the circuit 609 
Caribbean > North American > African > Hotspot, the restored arc positions overlie one another. That is, the 610 
Caribbean subduction zone apparently maintained a stable position in the same reference frame as the 611 
hotspots beneath the Indian and Atlantic Oceans, as defined by M93. In contrast, the moving hotspot 612 
reference frame, M19, and its earlier progenitors (e.g., O’Neill et al., 2005, and Torsvik et al., 2010, 613 
Doubrovine, 2012) do not both fit the East African volcanic date pattern and restore the Caribbean arc as 614 
well as M93.  615 
Assuming the three hotspots of the Nazca plate are fixed to each of those reference frames, connected 616 
through the global relative reconstruction circuit used above, reconstructed JF loci along with the GGW22 617 
locus are shown in Figure 18. One recognizes overall similarities in the calculated loci to those constructed 618 
from GGW22, with the 25 Ma bend present in all three, along with the “hammerhead.” The extension of M93 619 
to the Nazca plate shows the 25 Ma bend farther east and extended M19 farther west from the extended 620 
GGW22 model. The similarity in bends is not surprising, as the Pacific-Nazca spreading center, with its 621 
prominent 25 Ma motion change, at the time of fragmentation of the southern Farallon plate into the Cocos 622 
and Nazca plates, dominates contributions to the global reconstruction circuit (Pilger, 1983). The alternative 623 
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models are also displaced from the observed JF and GC traces; depending on the location of the Easter 624 
hotspot, each of the three loci could fit the Easter trace, with the extended M19 and M93 models having 625 
comparable orientations to the Nazca Ridge. Comparison of the alternative models with the Andean isotopic 626 
dates shows a significant offset of the predicted loci intersections from the igneous patterns, however, again 627 
realizing that the placement of the Easter hotspot is critical to the position of the loci intersections relative to 628 
the Peruvian trench. In sum, the extended GGW22 model, with older ages for pre-25 Ma parameters, 629 
appears to fit all of the data sets (physiography, shallow seismicity clusters, igneous isotopic dates) better 630 
than those of WK08, M93, and M19, in the context of the same global reconstruction circuit (for the latter 631 
two models).  632 

13. Conceptual Implications: Gap and Delamination? 633 

If one tentatively accepts the possible correlation of the intersection of the Juan Fernandez hotspot trace 634 
with the Andean subduction zone and onset of increased magmatism shortly after, the question naturally 635 
arises: what is the mechanism for apparent increased melting of source material in relation to the trace? 636 
This scenario is envisioned: (1) Normal subduction of the Farallon plate is accompanied by modest 637 
magmatism along the Andean crest, as a result of the encounter of the top of the oceanic plate with the 638 
asthenosphere beneath the South American plate. (Primary melt sources are the subducting crust, 639 
sedimentary overburden – if any, asthenospheric wedge, and/or lower part of upper plate enhanced by 640 
dewatering of the crust and sediments.) (2) At a particular latitude along the trench the hotspot trace begins 641 
to be subducted; when the top of the thickened oceanic plate reaches ~100 km in depth, the lesser net 642 
density of the subducting plate begins moving horizontally, cutting off melting and therefore the supply of 643 
magma, resulting in gradual cessation of volcanism. (3) Eventually the oceanic crust of the hotspot trace 644 
experiences the phase change from basalt/gabbro to denser eclogite and begins to sink at a steeper angle, 645 
coming into contact with the asthenosphere at a larger distance from the trench, with minor magmatism 646 
resulting. (4) While subduction is nearly east-west, the orientation of the subducting trace results in 647 
migration of the intersection with the trench from north to south. Each intersection zone experiences a short 648 
period of low-angle subduction of the trace, followed by resumption of subduction of normal oceanic plate. 649 
(4) As the last part of the trace reaches a depth of ~100 km and moves horizontally, the normal oceanic 650 
plate detaches from the thicker part and begins to sink at a steeper angle. (5) The remaining part of the 651 
trace continues to move to the east, resulting in a gap emerging between the trace and the detached, now 652 
normally subducting plate. As a consequence, asthenospheric mantle begins to fill in the gap and a rapidly 653 
widening flare of magmatism begins behind the horizontally moving hotspot trace. The contemplated gap 654 
may be associated with inferred delamination of the South American plate (e.g., Kay et al., 1994, Risse et 655 
al., 2013) beginning beneath the Central Andes of Bolivia and northern Chile and Argentina (Kay et al., 656 
2019) and extending to just north of the contemporary low-angle subduction segment beneath Chile and 657 
Argentina (Mulcahy et al., 2014). 658 
The proposed gap between the subducting hotspot trace fragment and reinstituted normally subducting 659 
oceanic plate is geometrically comparable to, if significantly smaller than, the conjectured window in the 660 
Southern Andes between the subducted of the Nazca- (West) Antarctic spreading center and the remnant 661 
of the subducting Nazca plate (Cande and Leslie, 1986; and, e.g., Navarette et al., 2020). Only minor 662 
subduction of the West Antarctic plate, if any, follows the cessation of spreading. 663 
Thus, the subducting JF trace, while producing only a short hiatus in magmatism as it obliquely subducts, is 664 
followed by a flare of magmatism. The hiatus is almost unobservable in the total data set, but more 665 
apparent in the smaller mafic data set, because of the remnant of magmatic activity from the prior episode 666 
of normal subduction and the following flare. The apparent intensification of magmatism following the 667 
oblique trace subduction may represent decompression melting of quickly rising, hotter and/or more fertile 668 
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asthenosphere previously beneath the thickened subducting plate and under the accompanying 669 
delaminating upper plate, 670 
The zone of concentrated mafic dates at 27-28⁰S from ~13 Ma to the Present is approximately located 671 
above the inferred gap between moderate and low-angle subduction. Perhaps the gap is responsible for the 672 
enhanced mafic magmatism in this locale as well as the inferred delamination at an earlier time, farther 673 
north. 674 

14. Hotspots and Reference Frames 675 

While the primary focus of this investigation has been on the magmatic evolution of the Andes in relation to 676 
subduction of inferred hotspot traces, the implications of the recognition of additional evidence for the 677 
subduction effect for the nature of hotspots themselves is worthy of further consideration. The evidence for 678 
the trace effect on subduction in the context of the Pacific hotspot reference frame and distinct from an 679 
Atlantic-Indian Ocean reference frame prompts questions about the reference frames themselves. That the 680 
motions of the plates relative to hotspots of the two domains apparently incompatible with one another was 681 
recognized already in the 1980s by the work of Molnar and colleagues (e.g., Molnar and Atwater, 1973; 682 
Molnar and Francheteau, 1975). Resolution of the inconsistency between the Pacific and Atlantic/Indian 683 
Ocean domains would require detection of a yet unrecognized plate boundary between the central South 684 
Pacific and the Indian Ocean, most likely within the Antarctic plate. Cenozoic movement between East and 685 
West Antarctic within the Cenozoic has indeed been documented, but the detected displacement (Cande 686 
and Stock, 2000; Granot et al., 2013; Granot and Dyment, 2018).is inadequate relative to the discrepancy 687 
between the two hotspot frames. The idea of a “moving hotspot” reference frame (O’Neill et al., 2005) 688 
presents other difficulties, however. Each hotspot within the Atlantic and Indian Ocean domain is assumed 689 
to move semi-independently from one another, in effect displaced by a kind of mantle wind. Modeling of 690 
whole earth convection with embedded hotspots is the mechanism assigned to such movement; however, 691 
the scheme suffers from several defects. Most importantly, it is profoundly underdetermined; perturbations 692 
of convection are performed so as to fit each of a small number of hotspot traces, constrained by gross 693 
mantle structure (seismic velocity with inferred density and viscosity), plate boundaries and kinematics. 694 
Parameters describing hotspot motion, conventional pole latitude and longitude and rotation angle relative 695 
to either the global frame or one of the continental plates (usually Africa) are difficult to rationalize; they may 696 
describe an individual hotspot’s motion relative to a particular frame, but how are such parameters 697 
interpolated? That is, the approach does not provide a means of estimating the motion of other hotspots 698 
which are not part of the framework; the application of M19, above, to the JF trace, illustrates the problem. 699 
Does a global convection model fit the hotspots of the Pacific? Oddly, as Gaastra et al. (2022) show, a 700 
single hotspot reference frame appears to provide a satisfactory reference frame for the hotspots of the 701 
Pacific plate; extrapolated to the Nazca plate, it also appears to fit the Andean “images” of subducted 702 
hotspot traces, with slight adjustments to the age progression. Koivisto et al. (2015) further argue that a 703 
single reference frame fits the Pacific and Atlantic/Indian frames since Hawaiian-Emperor bend time; 704 
however the discrepancy between the modified Gaastra et al. (2022) and M19 (Figure 18) seem too great to 705 
accept that inference. 706 
What are the implications of the observation that (1) a single reference frame beneath the Pacific Ocean 707 
appears to have existed for at least 80 m. y. and (2) an inferred hotspot reference frame beneath the Indian 708 
and Atlantic Oceans fits volcanic patterns in northeast Africa for 60 m. y. and “anchors” a Caribbean island 709 
arc for 70 Ma? Further, (3) the motion of the Pacific plate in the Hawaiian hotspot frame also fits the 710 
orientation of lineations in the observed gravity field (Haxby and Weissel, 1986), structures that have a 711 
shallow origin? Collectively, the evidence implies that the hotspot reference frames are shallow – not 712 
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manifestations of the locations of deep mantle plumes, even if the plumes do originate at depth (see also 713 
Pilger, 2003, 2007). 714 

15. Conclusion 715 

This short contribution is built upon an enormous amount of data produced by many workers: field 716 
observation, petrographic, geochemical and isotopic laboratory analysis, shipboard magnetic and 717 
bathymetric profiling, aeromagnetic surveying, satellite navigation and geoid observation with gravity 718 
extraction and bathymetric estimation, magnetic isochron modeling and identification, fracture zone 719 
characterization, marine dredging and drilling, plate pair reconstruction, data compilation... Much finer 720 
analysis of the isotopic date distribution and the plate reconstructions could be undertaken, especially 721 
incorporating more detailed petrology and geochemistry. The relationship to the deformation and uplift 722 
history of the Andes since 80 Ma is not explored in this study, other than the observation that late Cenozoic 723 
faulting in the Pampean Ranges of northern Argentina occurs within the low-angle subduction segment in 724 
which the reconstructions imply subduction of the Juan Fernandez trace for over 10 m. y., thus a genetic 725 
relationship (originally recognized by Pilger, 1981). Further, the reconstructions that indicate apparent 726 
subduction of the older parts of the JF trace between 60 and 45 Ma beneath northernmost Chile and 727 
Argentina, southernmost Peru, and Bolivia may indicate contribution of the trace to the intense deformation 728 
that produced the so-called Andean orocline (Isacks, 1987) and its associated structures. 729 
 730 
It is apparent that the two reconstructed hotspot traces compared with seismicity, bathymetry, and igneous 731 
isotopic ages, imply controlling influences on the angle of dip of the Andean subduction zone and 732 
consequent location of volcanic loci by the traces. The Easter-Nazca trace-igneous date correspondence is 733 
clearer than the Juan Fernandez trace, perhaps indicative of the significantly larger dimensions of the 734 
Nazca Ridge than the Juan Fernandez trace, with a larger, more persistent low-angle subduction effect. 735 
Pilger (1981) had suggested that the “mirror-image” of the Nazca Ridge on the Pacific plate might have 736 
contributed further to the extent of the low-angle subduction segment, a suggestion other workers have 737 
subsequently made (it is difficult to point to any other independent evidence in support of this auxiliary 738 
proposal). 739 
 740 
The reconstructions and corresponding patterns of magmatism in the Andes provide indirect support of the 741 
hypothesis that the hotspots of the Pacific Ocean form a stable self-consistent reference frame extending 742 
beyond the limits of the Pacific plate. That is, the combined and modified model of Gaastra et al. (2022) and 743 
Wessel and Kroenke (2008) extended to the Nazca and South American plates not only fits the observed 744 
parts of the Easter-Nazca and Juan Fernandez island-seamount-ridges, but also the distribution of 745 
magmatic activity in the central and northern Andes for the past 65-70 m. y.  746 
 747 
It is difficult to recognize obvious relations of convergence rate and magmatism in the Andes from the 748 
reconstructions and age distribution of igneous isotopic dates. Similarly, the relation of motion of South 749 
America to the hotspots beneath the Atlantic and Indian Oceans and any possible control on Andean 750 
magmatism has been proposed by numerous authors. The most recent models for these hotspots imply 751 
motion relative to one another as well as those of the Pacific set (e.g., Müller et al., 2019, and references 752 
therein). Consequently, it is uncertain how to extend the model to the South American plate for testing 753 
beyond the simple examples presented above. 754 
 755 
Subduction of very young plate and the actual spreading center appears to be manifest in the igneous 756 
history of the southern Andes as Cande and Leslie (1986) first recognized. Patterns of igneous activity 757 



18 
appear to correspond closely with reconstructed isochrons. This correspondence provides additional 758 
confidence in the robustness of the global plate reconstructions for at least the last 40-50 Ma, on top of the 759 
correspondences of the hotspot trace “images” mentioned above.  760 
 761 
That the Juan Fernandez and Hawaiian hotspot traces, along with the other traces of the Pacific and Nazca 762 
plates can be characterized by an internally consistent reference frame is an additional striking result of this 763 
study. While the propagation of uncertainties in the reconstructions is not possible using contemporary 764 
formulations and existing isochron identifications and their derivative reconstruction parameters, the visual 765 
correspondences with Andean igneous dates should motivate higher resolution magnetic and bathymetric 766 
surveys of the older parts of the SA-AF and AF-EA systems and especially the PA-NF and WA-NF systems 767 
for the full time period since Chron 34. The PA-NF pair, with the highest average spreading rates in the full 768 
circuit, is an especially desirable target for near-future surveys; one might expect to find evidence of multiple 769 
small plates, like the present-day Easter plate (e.g., Handschumacher et al., 1981; Naar and Hey, 1991) 770 
which only high-resolution surveys could resolve. Could semi-autonomous, solar-powered drones, with 771 
satellite GPS, three-component magnetometers and laser ranging, and intermittent satellite connection for 772 
data uploads provide a relatively economical fleet for aeromagnetic surveys of the remote regions of the 773 
South Pacific and southwest Indian Oceans most lacking in data? The correspondences demonstrated in 774 
this work may motivate the additional proposed study, especially in relation to continued mineral exploration 775 
and development, geothermal prospecting for electrical energy generation, geological hazards related to 776 
contemporary volcanism, uplift, and hydrothermal activity, and enhanced geoclimatic history in and of 777 
Andes. Such improved understanding may provide useful analogs for studies of other subduction-related 778 
mountain belts.  779 
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Table 1. Reconstruction sources for circuits. AF: African, AN: East Antarctic, HS: Hotspot, NF: 
Nazca/Farallon, PC: Pacific, SA: South American, WA: West Antarctic 
 
 
Plate 1 Plate 2 Age (Ma) Longitude (°E) Latitude (° N) Angle (CCW) 
Nazca South American 1 80.276 -51.577 0.658 
Nazca South American 2 80.848 -54.545 1.486 
Nazca South American 3 79.543 -55.485 2.319 
Nazca South American 4 78.382 -59.122 3.141 
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Nazca South American 5 78.327 -61.340 3.959 
Nazca South American 6 78.131 -55.296 4.974 
Nazca South American 7 77.997 -49.677 6.011 
Nazca South American 8 78.566 -51.104 6.890 
Nazca South American 9 78.626 -55.923 8.155 
Nazca South American 10 78.719 -56.910 9.291 
Nazca South American 11 79.453 -57.193 10.494 
Nazca South American 12 80.470 -57.556 11.448 
Nazca South American 13 79.777 -58.836 12.322 
Nazca South American 14 76.250 -60.742 13.497 
Nazca South American 15 74.007 -61.666 15.006 
Nazca South American 16 75.654 -60.343 16.346 
Nazca South American 17 77.849 -59.123 17.976 
Nazca South American 18 80.570 -58.119 19.978 
Nazca South American 19 83.484 -57.231 22.520 
Nazca South American 20 84.899 -56.402 24.208 
Nazca South American 21 86.092 -56.118 25.345 
Nazca South American 22 87.687 -55.654 27.236 
Nazca South American 23 88.721 -55.515 28.381 
Nazca South American 24 88.715 -56.388 29.051 
Nazca South American 25 87.820 -58.145 29.519 
Nazca South American 26 86.283 -60.393 29.961 
Nazca South American 27 84.035 -62.722 30.260 
Nazca South American 28 81.299 -64.528 30.638 
Nazca South American 29 79.026 -65.663 31.244 
Nazca South American 30 76.797 -66.245 31.917 
Nazca South American 31 75.190 -66.552 32.720 
Nazca South American 32 74.060 -66.919 33.666 
Nazca South American 33 72.416 -67.330 34.519 
Nazca South American 34 70.359 -68.330 35.391 
Nazca South American 35 67.862 -69.932 36.370 
Nazca South American 36 64.267 -71.585 36.970 
Nazca South American 37 59.674 -73.548 37.878 
Nazca South American 38 53.884 -75.449 39.149 
Nazca South American 39 46.867 -76.876 40.576 
Nazca South American 40 39.726 -77.639 42.120 
Nazca South American 41 33.940 -77.690 43.610 
Nazca South American 42 29.884 -77.445 45.231 
Nazca South American 43 26.149 -77.089 46.545 
Nazca South American 44 22.081 -76.728 47.519 
Nazca South American 45 17.726 -76.409 48.337 
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Nazca South American 46 13.329 -76.085 49.068 
Nazca South American 47 9.172 -75.727 49.766 
Nazca South American 48 5.562 -75.329 50.482 
Nazca South American 49 2.624 -74.909 51.231 
Nazca South American 50 0.115 -74.507 51.960 
Nazca South American 51 357.775 -74.143 52.639 
Nazca South American 52 355.408 -73.820 53.291 
Nazca South American 53 352.847 -73.530 53.946 
Nazca South American 54 350.080 -73.263 54.627 
Nazca South American 55 347.264 -73.002 55.337 
Nazca South American 56 344.589 -72.720 56.032 
Nazca South American 57 342.247 -72.395 56.654 
Nazca South American 58 340.399 -72.013 57.145 
Nazca South American 59 339.015 -71.576 57.528 
Nazca South American 60 337.931 -71.103 57.879 
Nazca South American 61 336.904 -70.604 58.257 
Nazca South American 62 335.688 -70.085 58.722 
Nazca South American 63 334.073 -69.546 59.340 
Nazca South American 64 332.397 -69.020 60.158 
Nazca South American 65 331.097 -68.541 61.155 
Nazca South American 66 330.131 -68.086 62.266 
Nazca South American 67 329.429 -67.624 63.431 
Nazca South American 68 328.917 -67.129 64.606 
Nazca South American 69 328.520 -66.574 65.751 
Nazca South American 70 328.175 -65.962 66.859 
Nazca South American 71 327.837 -65.317 67.935 
Nazca South American 72 327.470 -64.661 68.983 
Nazca South American 73 327.050 -64.012 69.995 
Nazca South American 74 326.567 -63.383 70.953 
Nazca South American 75 326.013 -62.783 71.842 
Nazca South American 76 325.396 -62.204 72.662 
Nazca South American 77 324.722 -61.631 73.421 
Nazca South American 78 323.999 -61.050 74.132 
Nazca South American 79 323.234 -60.444 74.805 
Nazca South American 80 322.437 -59.800 75.453 
Table 2. South America-Nazca Reconstruction Parameters, 0-80 Ma. 
 
 

Reference Frame Plate Age (Ma) Longitude (°E) Latitude (° N) Angle (CCW) 

Hawaiian Hotspot Nazca 1 -81.507 -2.836 0.432 
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Hawaiian Hotspot Nazca 2 -83.993 2.059 0.894 

Hawaiian Hotspot Nazca 3 -81.490 7.972 1.282 

Hawaiian Hotspot Nazca 4 -73.179 17.386 1.521 

Hawaiian Hotspot Nazca 5 -76.226 25.777 1.897 

Hawaiian Hotspot Nazca 6 -83.495 21.016 2.701 

Hawaiian Hotspot Nazca 7 -87.719 17.662 3.679 

Hawaiian Hotspot Nazca 8 -87.600 23.364 4.202 

Hawaiian Hotspot Nazca 9 -86.270 32.629 4.649 

Hawaiian Hotspot Nazca 10 -86.535 38.297 5.427 

Hawaiian Hotspot Nazca 11 -84.670 38.652 6.115 

Hawaiian Hotspot Nazca 12 -83.844 40.688 6.706 

Hawaiian Hotspot Nazca 13 -85.013 44.866 7.242 

Hawaiian Hotspot Nazca 14 -89.487 50.290 7.973 

Hawaiian Hotspot Nazca 15 -93.911 53.549 9.062 

Hawaiian Hotspot Nazca 16 -92.759 52.514 10.258 

Hawaiian Hotspot Nazca 17 -91.453 51.545 11.651 

Hawaiian Hotspot Nazca 18 -90.310 50.846 13.331 

Hawaiian Hotspot Nazca 19 -89.108 50.431 15.656 

Hawaiian Hotspot Nazca 20 -88.503 50.000 17.258 

Hawaiian Hotspot Nazca 21 -88.278 49.491 18.144 

Hawaiian Hotspot Nazca 22 -87.779 49.228 19.879 

Hawaiian Hotspot Nazca 23 -87.761 49.104 20.890 

Hawaiian Hotspot Nazca 24 -88.874 50.119 21.477 

Hawaiian Hotspot Nazca 25 -91.092 52.029 21.785 

Hawaiian Hotspot Nazca 26 -94.379 54.397 21.968 

Hawaiian Hotspot Nazca 27 -98.499 56.720 22.198 

Hawaiian Hotspot Nazca 28 -102.789 58.432 22.586 

Hawaiian Hotspot Nazca 29 -106.522 59.099 23.058 

Hawaiian Hotspot Nazca 30 -109.283 59.123 23.687 

Hawaiian Hotspot Nazca 31 -111.281 58.890 24.406 

Hawaiian Hotspot Nazca 32 -112.925 58.717 25.127 

Hawaiian Hotspot Nazca 33 -114.715 58.938 25.791 

Hawaiian Hotspot Nazca 34 -117.233 59.805 26.340 

Hawaiian Hotspot Nazca 35 -120.808 61.272 26.803 
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Hawaiian Hotspot Nazca 36 -125.540 63.055 27.264 

Hawaiian Hotspot Nazca 37 -131.428 64.860 27.797 

Hawaiian Hotspot Nazca 38 -138.152 66.387 28.474 

Hawaiian Hotspot Nazca 39 -144.984 67.415 29.327 

Hawaiian Hotspot Nazca 40 -150.869 67.849 30.358 

Hawaiian Hotspot Nazca 41 -154.900 67.762 31.536 

Hawaiian Hotspot Nazca 42 -157.452 67.426 32.762 

Hawaiian Hotspot Nazca 43 -159.489 67.018 33.908 

Hawaiian Hotspot Nazca 44 -161.844 66.679 34.883 

Hawaiian Hotspot Nazca 45 -164.784 66.390 35.670 

Hawaiian Hotspot Nazca 46 -167.967 66.098 36.339 

Hawaiian Hotspot Nazca 47 -170.974 65.746 36.950 

Hawaiian Hotspot Nazca 48 -173.542 65.273 37.552 

Hawaiian Hotspot Nazca 49 -175.060 64.821 38.181 

Hawaiian Hotspot Nazca 50 -180.986 63.111 38.969 

Hawaiian Hotspot Nazca 51 -182.474 62.905 39.785 

Hawaiian Hotspot Nazca 52 -183.797 62.727 40.534 

Hawaiian Hotspot Nazca 53 -185.359 62.453 41.242 

Hawaiian Hotspot Nazca 54 -186.894 62.203 41.924 

Hawaiian Hotspot Nazca 55 -188.616 61.868 42.592 

Hawaiian Hotspot Nazca 56 -190.090 61.601 43.239 

Hawaiian Hotspot Nazca 57 -192.399 60.857 43.912 

Hawaiian Hotspot Nazca 58 -194.743 59.910 44.608 

Hawaiian Hotspot Nazca 59 -195.623 59.630 45.238 

Hawaiian Hotspot Nazca 60 -196.568 59.253 45.912 

Hawaiian Hotspot Nazca 61 -197.439 58.896 46.608 

Hawaiian Hotspot Nazca 62 -198.399 58.520 47.329 

Hawaiian Hotspot Nazca 63 -199.553 58.096 48.076 

Hawaiian Hotspot Nazca 64 -200.619 57.688 48.858 

Hawaiian Hotspot Nazca 65 -201.328 57.341 49.689 

Hawaiian Hotspot Nazca 66 -201.756 57.051 50.547 

Hawaiian Hotspot Nazca 67 -202.016 56.804 51.420 

Hawaiian Hotspot Nazca 68 -202.226 56.566 52.291 

Hawaiian Hotspot Nazca 69 -202.485 56.320 53.147 
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Hawaiian Hotspot Nazca 70 -202.827 56.057 53.987 

Hawaiian Hotspot Nazca 71 -203.232 55.776 54.806 

Hawaiian Hotspot Nazca 72 -203.697 55.485 55.614 

Hawaiian Hotspot Nazca 73 -204.223 55.183 56.415 

Hawaiian Hotspot Nazca 74 -204.777 54.875 57.203 

Hawaiian Hotspot Nazca 75 -205.378 54.549 57.992 

Hawaiian Hotspot Nazca 76 -206.008 54.208 58.775 

Hawaiian Hotspot Nazca 77 -206.647 53.871 59.562 

Hawaiian Hotspot Nazca 78 -207.302 53.530 60.350 

Hawaiian Hotspot Nazca 79 -207.957 53.185 61.145 

Hawaiian Hotspot Nazca 80 -208.607 52.837 61.954 

Hawaiian Hotspot Nazca 81 -209.244 52.489 62.777 

Hawaiian Hotspot Nazca 82 -209.829 52.166 63.629 

Hawaiian Hotspot Nazca 83 -210.338 51.873 64.533 

Hawaiian Hotspot Nazca 84 -210.727 51.612 65.490 

Hawaiian Hotspot Nazca 85 -211.005 51.396 66.531 

Hawaiian Hotspot Nazca 86 -211.460 51.026 67.955 

Hawaiian Hotspot Nazca 87 -212.017 50.537 69.708 

Hawaiian Hotspot Nazca 88 -212.514 50.033 71.620 

Hawaiian Hotspot Nazca 89 -212.828 49.616 73.510 

Hawaiian Hotspot Nazca 90 -212.921 49.329 75.284 

Hawaiian Hotspot Nazca 91 -212.831 49.158 76.937 

Hawaiian Hotspot Nazca 92 -212.588 49.086 78.475 

Hawaiian Hotspot Nazca 93 -212.221 49.099 79.904 

Hawaiian Hotspot Nazca 94 -211.752 49.180 81.228 

Hawaiian Hotspot Nazca 95 -211.204 49.315 82.456 

Hawaiian Hotspot Nazca 96 -210.599 49.490 83.595 

Hawaiian Hotspot Nazca 97 -209.956 49.690 84.652 

Hawaiian Hotspot Nazca 98 -209.295 49.901 85.635 

Hawaiian Hotspot Nazca 99 -208.636 50.107 86.551 

Hawaiian Hotspot Nazca 100 -208.001 50.294 87.408 

Hawaiian Hotspot Nazca 101 -207.408 50.446 88.211 

Hawaiian Hotspot Nazca 102 -206.878 50.549 88.967 

Hawaiian Hotspot Nazca 103 -206.422 50.598 89.680 
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Hawaiian Hotspot Nazca 104 -206.048 50.599 90.352 

Hawaiian Hotspot Nazca 105 -205.764 50.557 90.986 

Hawaiian Hotspot Nazca 106 -205.575 50.475 91.585 

Hawaiian Hotspot Nazca 107 -205.491 50.358 92.153 

Hawaiian Hotspot Nazca 108 -205.518 50.209 92.694 

Hawaiian Hotspot Nazca 109 -205.665 50.033 93.213 

Hawaiian Hotspot Nazca 110 -205.939 49.833 93.717 

Hawaiian Hotspot Nazca 111 -206.340 49.617 94.223 

Hawaiian Hotspot Nazca 112 -206.852 49.393 94.753 

Hawaiian Hotspot Nazca 113 -207.434 49.156 95.314 

Hawaiian Hotspot Nazca 114 -208.026 48.895 95.905 

Hawaiian Hotspot Nazca 115 -208.571 48.601 96.526 

Hawaiian Hotspot Nazca 116 -209.009 48.267 97.175 

Hawaiian Hotspot Nazca 117 -209.282 47.888 97.850 

Hawaiian Hotspot Nazca 118 -209.339 47.460 98.553 

Hawaiian Hotspot Nazca 119 -209.214 46.993 99.299 

Hawaiian Hotspot Nazca 120 -208.984 46.504 100.107 

Hawaiian Hotspot Nazca 121 -208.729 46.010 100.999 

Hawaiian Hotspot Nazca 122 -208.527 45.528 101.982 

Hawaiian Hotspot Nazca 123 -208.466 45.068 103.036 

Hawaiian Hotspot Nazca 124 -208.629 44.639 104.131 

Hawaiian Hotspot Nazca 125 -209.048 44.227 105.214 

Hawaiian Hotspot Nazca 126 -209.715 43.805 106.215 

Hawaiian Hotspot Nazca 127 -210.621 43.343 107.066 

Hawaiian Hotspot Nazca 128 -211.745 42.805 107.721 

Hawaiian Hotspot Nazca 129 -213.053 42.156 108.157 

Hawaiian Hotspot Nazca 130 -214.504 41.357 108.352 

Hawaiian Hotspot Nazca 131 -216.047 40.380 108.303 

Hawaiian Hotspot Nazca 132 -217.602 39.240 108.079 

Hawaiian Hotspot Nazca 133 -219.089 37.971 107.761 

Hawaiian Hotspot Nazca 134 -220.457 36.617 107.424 

Hawaiian Hotspot Nazca 135 -221.672 35.231 107.142 

Hawaiian Hotspot Nazca 136 -222.706 33.871 106.984 

Hawaiian Hotspot Nazca 137 -223.539 32.603 107.021 
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Hawaiian Hotspot Nazca 138 -224.165 31.481 107.300 

Hawaiian Hotspot Nazca 139 -224.614 30.507 107.809 

Hawaiian Hotspot Nazca 140 -224.922 29.670 108.525 
 
Table 3. Nazca-Hotspot Parameters - 0 - 140 Ma, as described in text. 
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Figure Captions 
 
 
Figure 1. South American subduction zone: Surface from Hayes et al. (2012).  Earthquakes from USGS 
(2022); depth: orange 0-33 km, yellow 33-70 km, green 70-150 km, blue 150-300 km. Red: 500-800 km. 
Note inferred hotspot traces in bathymetry. All map images are in Google Earth. Proposed hotspot traces: 
Juan Fernandez, Easter-Nazca, Galapagos-Carnegie in green. 
 
Figure 2. Two views of Pacific Ocean island-seamount volcanic rock locations rotated back by isotopic age, 
+/- 2.5 m. y., producing loci, according to the model of Gaastra et al. (2022) and Wessel and Kroenke (for 
dates older than 80 Ma, as described in text); extended to the Nazca and Cocos plates by plate-pair 
reconstructions as also described in text. Names apply to loci clusters and inferred hotspots or hotspot 
groups. A. Central Pacific. B. Eastern Pacific. Google Earth format (*.kml) file is accessible in 
Supplementary Data files.  
 
Figure 3. Hotspot loci for (south to north) Juan Fernandez, Easter, and Galapagos hotspots relative to 
Nazca plate (and Cocos plate for latter) . Blue: Wessel and Kroenke (2008) Pacific hotspot model, 140-0 
Ma. Green: Gaastra et al. (2022) Pacific-hotspot model for 80-0 Ma, Wessel and Kroenke (2008) for 140-80 
Ma; (Loci are not “deformed” onto the subducting surface.) Note that the inferred location of the Easter 
hotspot differs between the two models so as to visually fit the Easter-Nazca trace; clearly there is a lot of 
freedom in regard to picking hotspot locations. Google Earth format (*.kml) files are accessible in 
Supplementary Data files. 
 
Figure 4. Calculated locus for Juan Fernandez hotspot relative to Nazca plate based on Gaastra et al. 
(2022) Pacific-hotspot model propagated to Nazca plate;  Earthquakes from USGS (2022); circles: orange 
0-33 km, yellow 33-70 km, green 70-150 km, blue 150-300 km. (Loci are not “deformed” onto the 
subducting surface.) Image in Google Earth. Google Earth format (*.kml) files are accessible in 
Supplementary Data files. 
 
Figure 5. Calculated loci based on combined Gaastra et al. (2022) (0-80 Ma) and Wessel and Kroenke 
(2008) (80-140 Ma) Pacific-hotspot model with 50 Ma Hawaiian-Emperor Bend calculated at 1 m. y. interval, 
extended to the Nazca plate, and reconstructed relative to (fixed) South America, at 1 m. y. interval (5 m. y. 
interval isochrons are in gold): (A) Galapagos-Carnegie, (B) Easter-Nazca and (C) Juan Fernandez (lower) 
hotspot traces on Nazca/Farallon plate, reconstructed relative to (fixed) South American plate. See Figure 3 
for Easter hotspot location. The present positions of the loci are the most easterly portions. Apparent first 
contact, relative to the current continental boundary occurred for: Juan Fernandez trace, ~65 Ma; Easter 
trace, ~43 Ma; Galapagos-Carnegie, ~31 Ma. Recall that the loci positions over the ocean, as well as land, 
is relative to South America, without projection onto the hypothesized subduction zones corresponding with 
the loci. The western end of each locus is the apparent location of the hotspot relative to South America. 
Comparison of features in each locus with adjacent positions provides insight into the relative motion of the 
Nazca plate to South America over that interval. Thus, from 25-0 Ma, the Nazca plate was moving east-
northeast across the trench relative to South America, 50-25 Ma, eastward, and northeastward from 80-50 
Ma. Also, note rapid convergence between 20-15 Ma and 50-40 Ma, and very slow convergence 70-55 and 
80-75 Ma. The proximity of the Juan Fernandez locus to the Andean bend (e.g., Isacks, 1988) at Latitude 
~18° S is suggestive of possible influence on the formation of the bend between 35 to 20 Ma; enhanced 
convergence at that latitude could have induced shortening of the shallow crust between 25 to 18° S during 
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that period of time as Martinod et al. (2010) proposed. See Figure 13 for higher resolution portrayal of 
convergence rates. Google Earth format (*.kml) files are accessible in Supplementary Data files. 
 
Figure 6a. Andes isotopic dates and calculated intersections of reconstructed Easter-Nazca (EN) and Juan 
Fernandez (JF) hotspot traces (see figure 5 for map views) with Peru-Chile trench-parallel lines, top to 
bottom: A. 0-1⁰ of arc (0 to ~111 km) from trench. B. 1-2⁰; C. 2-3⁰, D. 3-4⁰; E. 4-5⁰; F. 5-6⁰. G. 6-7⁰. H. 7-8⁰. 
Note especially B and C in which cessation of magmatism parallels the Easter hotspot loci intersections, 
and most graphs in which onset or increase in magmatism is paralleled by Juan Fernandez hotspot loci 
intersections. Spreadsheets are accessible in Supplementary Data files. 
 
Figure 6b. Close-up graphs as in Figure 6a, showing magmatic patterns and hotspot loci intersections. A & 
B: Easter-Nazca (EN) hotspot. Note apparent cessation of magmatism and predicted trace. C-E: Juan 
Fernandez (JF) hotspot trace: Note apparent parallelism of onset of magmatism and predicted trace.  
 
Figure 7. Central Andes isotopic dates, projected to the trench at estimated time of encounter. Spreadsheet 
is accessible in Supplementary Data files. 
 
Figure 8. Isotopic dates of silicic to intermediate igneous rocks younger than 5.0 Ma, central and southern 
Andes. Magmatism from the coast inland into northwestern Argentina extends over 500 km while the central 
zone of concentrated magmatism along the Andean crest typically exceeds 125 km in width. The western 
margins of the central zone correspond with the inferred first contact of the subducting Nazca plate with the 
asthenosphere (compare with Figure 3). Google Earth format (*.kml) file is accessible in Supplementary 
Data files. 
 
Figure 9. Isotopic dates of mafic igneous 0-80 Ma.  
 
Figure 10. Charts: Projected isotopic dates of mafic rocks in adjacent increments of 1 to 2° arc-distance 
from the trench along with projected intersections of modeled hotspot traces on segment boundaries, A: 0-
2°, B: 2-3°, C: 3-4°, D: 4-5°, E: 5-6°. Traces are from modified GGW22 model (older Hawaiian-Emperor 
bend, 50 Ma) combined with WK08 incremental stages for traces older than 80 Ma, of Pacific-Hotspot 
reconstructions propagated to the Nazca plate and further reconstructed relative to South American plate. 
The traces can be thought of as partial envelopes around time-transgressive magmatic episodes. That is, in 
the middle of the graph, as it propagates north-south, the Juan Fernandez (JF) trace bounds older from 
younger mafic data points. The Easter-Nazca trace (EN) provides similar bounds on the northern part of the 
graph, although data points are sparser.  
 
Figure 11. Hypothetical Foundation Seamounts hotspot loci (green curve, yellow squares) and identified 
magnetic isochrons (red circles): A. Southwestern Pacific (north is upper left). B. East-central Pacific, 
offshore Chile (north is top); yellow contours – outline of principal bathymetric anomaly rotated from Pacific 
plate after Skinner and Clayton (2013) in which ages of locus points and isochrons are very close to one 
another. Note proximity of loci age points to isochrons. If loci age is less than plate age, then the trace is 
possible. Correspondence of submarine ridges implies melting anomaly was close to the spreading center 
for a brief period of time, but mostly beneath Pacific plate 55 Ma to the Present; no ridge is apparent on 
Nazca/Farallon plate older than 43 Ma, and, therefore, none to be subducted, along the hotspot locus.  
 
Figure 12. USGS earthquakes, SLAB configuration (Hayes et al., 2018), dated isochrons and mapped 
fracture zones (Seton et al., 2014, with links), and (pink) calculated locus of the Easter-Nazca ridge (this 
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paper), Peru and adjacent areas. Note the end of the fracture zone in the trench at 10.3°S latitude. 
Isochrons on the northwest side are ~7 m. y. younger; and, similarly, the next fracture zone north, 9°S, 
separates plate ~3 m. y. younger on the north from that on the south. Younger plate subducts at lower 
angles than does older plate (see, e. g, southern Chile subduction zone).  
 
Figure 13. (Top to bottom:) A. Calculated total convergence rate, Nazca to South American plate, 80-0 Ma, 
calculated at 1 m. y. interval, deg of arc per m. y., at indicated points along the contemporary trench. B. 
Total convergence rate, as a, at 5 m. y., moving average. Spreadsheet is accessible in Supplementary Data 
files. 
 
Figure 13. Histograms of igneous dates from Andes, 80-0 Ma. A. All dates 1 m. y. bins. B. As A, 5 m. y. 
bins. C. Within 0-150 km from trench. D. 150-300 km from trench. E. 300-450 km from trench. F. 450-600 
km from trench. G. 600-750 km from trench.   
 
Figure 15. Normalized cross-correlation of convergence rate versus bin date size. 
  
Figure 16. Projected section of igneous isotopic dates, 0 to 2° arc east of Andean trench with reconstructed 
isochrons within 1° arc of trench (reconstructed isochrons in map view are in the Supplemental Data, Figure 
S7). Note near-trench igneous dates between 46 and 47° S latitude are closest to youngest reconstructed 
isochrons. Otherwise there is no obvious relationship of age of older subducting plate and position of 
magmatism. 
 
Figure 17. Juan Fernandez hotspot traces in Hawaiian (green: combined Gaastra et al., 2022, and Wessel 
and Kroenke, 2008), Tristan (blue: Muller et al., 1993), and global average (orange: Muller et al., 2019) 
reference frames via plate-to-plate circuits. Hawaiian: HS > PC > NF; Tristan and global average: HS > 
AF > AN > WA > PC > NF. 

 

 

 



Figure 1.





Figure 2.





 



Figure 3.





Figure 4.





Figure 5.







 



Figure 6.









 



 



Figure 7.





Figure 8.





Figure 9.





Figure 10.







 



Figure 11.





 



Figure 12.





Figure 13.





 



Figure 14.









 



Figure 15.





Figure 16.





Figure 17.




	Article File
	Table
	Figure 1 legend
	Figure 1
	Figure 2 legend
	Figure 2
	Figure 3 legend
	Figure 3
	Figure 4 legend
	Figure 4
	Figure 5 legend
	Figure 5
	Figure 6 legend
	Figure 6
	Figure 7 legend
	Figure 7
	Figure 8 legend
	Figure 8
	Figure 9 legend
	Figure 9
	Figure 10 legend
	Figure 10
	Figure 11 legend
	Figure 11
	Figure 12 legend
	Figure 12
	Figure 13 legend
	Figure 13
	Figure 14 legend
	Figure 14
	Figure 15 legend
	Figure 15
	Figure 16 legend
	Figure 16
	Figure 17 legend
	Figure 17

