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ABSTRACT 13 

The Northern Appalachian Anomaly is a prominent low seismic velocity zone, ~400 km 14 

in diameter, in the asthenosphere beneath New England. Previous studies interpret this shallow 15 

feature, occurring at a depth of ~200 km, as a thermal anomaly tied to edge-driven convection 16 

along the North American continental margins. Those studies recognize, however, that upwelling 17 

here is highly unusual since the passive margin has been tectonically quiescent for ~180 million 18 

years. We propose an alternative model, based on geologic observations, geotectonic 19 

reconstructions, and geodynamic simulations, that the anomaly instead represents a Rayleigh-20 

Taylor instability linked to the breakup of the distant Labrador Sea continental margin. A Labrador 21 

Sea origin at breakup, ~85–80 Ma, would imply the migration of a chain of Rayleigh-Taylor 22 
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instabilities at a rate of ~22 km per million years, close to expected rates from geodynamic models. 23 

A migrating instability origin for the anomaly can reconcile its spatial characteristics, depth profile, 24 

and position near a long-inactive continental margin. A corollary is that the north-central 25 

Greenland anomaly, a mirror-image of the NAA, also potentially originated at the time of breakup. 26 

Further, the Central Appalachian Anomaly may fit this model if it represents an early-stage 27 

instability linked to rifting onset in the Labrador Sea. The Northern Appalachian Anomaly and 28 

other associated anomalies viably represent a legacy of continental rifting and breakup along the 29 

distant Labrador margins. 30 

INTRODUCTION 31 

The Northern Appalachian Anomaly (hereafter, NAA) is a contemporary thermal anomaly located 32 

in New England, centered beneath New Hampshire (Fig. 1A).  The NAA is defined by the presence 33 

of low-degree partial melt interpreted to result from localized asthenospheric upwelling in 34 

response to edge-driven convection (Menke et al., 2016). Earthquake tomographic modeling 35 

suggests it is a slow seismic velocity anomaly at a depth of approximately 200 km (Menke et al., 36 

2016; Schmandt and Lin, 2014; Pollitz and Mooney, 2016), or shallower (i.e., ~100 km; Brunsvik 37 

et al., 2024). Seismic models indicate that it is 350 to 400 km in diameter and elongated in a NE-38 

SW or NNE-SSW direction (Fig. 1). The maximum shear velocity contrast at 200 km depth is up 39 

to ~4%, with a compressional-to-shear velocity perturbation ratio which is close to 1, supporting 40 

a thermal origin (Menke et al., 2016). This magnitude of anomaly likely corresponds to a ~100–41 

150°C thermal perturbation, based on the mantle Vs-temperature relationship developed by Faul 42 

and Jackson (2005), and falls within the range imaged by both regional and global tomography 43 

models, which typically show shear wave speed reductions of 1–4% in this region (e.g., Porter et 44 

al., 2016; Brunsvick et al., 2024; Long, 2024). Such an anomaly may have contributed to recent 45 
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uplift in this part of North America (Fernandes et al., 2019), potentially shaping the Cenozoic 46 

tectono-thermal evolution of the Appalachian Mountains. The NAA may be linked to a slightly 47 

weaker anomaly ~650 km to the south, the Central Appalachian Anomaly (CAA) (Byrnes et al., 48 

2019; Long et al., 2021), and whilst our primary focus is on the NAA, we evaluate this possibility. 49 

Edge-driven convection occurs where there is downwelling of asthenospheric mantle near 50 

lithospheric discontinuities (King and Anderson, 1998; King and Ritsema, 2000). However, as 51 

noted by Menke et al. (2016) and Carrero Mustelier and Menke (2021), upwelling beneath the 52 

NAA is unexpected and highly unusual given its location below the continental side of an ancient 53 

passive continental margin (Fig. 1B), which was presumably inactive since continental breakup 54 

along the Central Atlantic margins at ca. 183 Ma. Although near the Great Meteor hot spot track 55 

(see Tao et al., 2020), the NAA neither parallels it nor crosses the cratonic margin, suggesting 56 

these features are unrelated (Menke et al., 2016). The NAA lies beneath relatively thick lithosphere 57 

(100–150 km; Fig. 1B; Afonso et al., 2019), although it may locally be as thin as ~60-80 km 58 

(Espinal et al., 2024; Fig. S1 in the Supplemental Material). Nevertheless, some studies have 59 

questioned whether the lithosphere is thinned sufficiently to promote edge-driven convection 60 

(Carrero Mustelier and Menke, 2021). Farther seaward of the NAA, the lithosphere thickens to 61 

~150 km for several hundred kilometers, with only a subtle thinning gradient seen at the COB 62 

(Fig. 1B). The NAA is thus enigmatic, leading to suggestions that it represents an unusual case of 63 

persistent, vigorous convection along the edges of the Laurentian craton (Menke et al., 2016; 64 

Brunsvik et al., 2024). 65 

A ROLE FOR CONVECTIVE INSTABILITIES? 66 

We examine whether the NAA represents a Rayleigh-Taylor instability, as proposed by Long et 67 

al. (2021) for the CAA, but suggest instead that the instability migrated over time along the 68 
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continental roots from a more distant, now-extinct rift system. We stress that this scenario 69 

complements—rather than replaces—earlier models, since all previous seismic observations of 70 

this feature remain valid and are simply interpreted in a new light. 71 

Recent thermo-mechanical models have shown that continental rifting and breakup can 72 

generate a chain of Rayleigh-Taylor instabilities that propagates inboard of the rift over time 73 

(Gernon et al., 2023, 2024). These convective instabilities cause delamination by exploiting the 74 

density and strength contrast between the colder lithosphere and the hotter asthenosphere across 75 

the thermal boundary layer. This process bears similarities to small-scale convection and 76 

lithospheric dripping, which have been proposed as drivers of plateau uplift in eastern Anatolia 77 

(Göğüş and Pysklywec, 2018) and lithospheric erosion of the Wyoming craton (Dave and Li, 78 

2016). However, in those cases, the mantle reorganization is linked to plate collisions, whereas in 79 

the NAA context, the convective instability may originate from rift-induced edge-driven 80 

convection. Specifically, the first delamination event occurs near the rift and is triggered by a 81 

perturbation of the lithospheric root by edge-driven convection, generating a family of sequential 82 

Rayleigh-Taylor instabilities that propagate inboard of the rift over time. Such instabilities migrate 83 

continentward at a rate of ~20  ± 5 km/Myr, removing the thermal boundary layer and driving 84 

adiabatic upwelling of convective mantle and kimberlite volcanism (in cratonic contexts; Gernon 85 

et al., 2023). Convective erosion of keels can promote isostatic uplift and denudation across 86 

‘stable’ cratons, leading to the formation of elevated plateaus (Gernon et al., 2024). 87 

A key aspect of this model is that convective instabilities may represent a legacy of 88 

continental rifting and breakup that persists in the mantle for many tens to over a hundred million 89 

years. A propagating instability could easily be misinterpreted as an isolated edge-driven 90 

convective cell, since at any given time it appears spatially fixed—and its occurrence along ancient 91 
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continental margins may be coincidental rather than causal. However, over geologic timescales, 92 

these chains of instabilities are dynamic and mobile, slowly and sequentially migrating along the 93 

continental root. A causal linkage with the Central Atlantic margin thus merits reconsideration. 94 

ATLANTIC RIFT SYSTEMS 95 

The margins of the Central Atlantic rift system and its northern extension to the Labrador-96 

Greenland Sea form a complex network of boundaries that were active at different times (Fig. 2), 97 

complicating the task of categorically tying instabilities to a single boundary. The North American 98 

continental margin commenced rifting at 240 Ma, with breakup occurring around 185–182 Ma 99 

(Brune et al., 2016). Meanwhile, the COB in the Labrador Sea is much younger, with rifting 100 

starting at ~120 Ma (but potentially as early as the late Jurassic; Dickie et al., 2011) and breakup 101 

occurring at 90–80 Ma, culminating at ca. 82 Ma (Fig. 2). Given the difficulties in associating the 102 

upwelling with the Central Atlantic COB—namely, its prolonged tectonic inactivity and the 103 

presence of relatively thick lithosphere (Carrero Mustelier and Menke, 2021)—we explore the 104 

alternative possibility that the feature represents a convective instability linked to the younger, 105 

more distal, Labrador Sea margins (Figs. 1-2). 106 

A key characteristic supporting the identification of the NAA as a Rayleigh-Taylor 107 

instability is its length scale: the anomaly spans ~350–400 km in diameter (Menke et al., 2016), 108 

comparable to the predicted wavelength of such instabilities in geodynamic models, where 109 

upwellings are typically ~200 km wide (Fig. 3; Gernon et al., 2024). These features are marked by 110 

focused regions of upwelling and downwelling (Fig. 3), with the former capable of locally 111 

warming—and thermally eroding—the lithospheric keel. This behavior is consistent with previous 112 

interpretations of the NAA as a thermal upwelling and with its earlier diagnosis as an edge-driven 113 
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convection cell (King and Anderson, 1998; King and Ritsema, 2000)—a dynamically similar 114 

phenomenon. 115 

RESULTS & DISCUSSION 116 

To test a link between the NAA and distal rifting at the Labrador Sea, we measured its geospatial 117 

offset from the COB using QGIS (Fig. 1). The NAA lies ~1830–1880 km from the Labrador 118 

margin (Fig. 1; Fig. 4A). Assuming a propagation rate of 20 km/Myr—consistent with geodynamic 119 

models and kimberlite migration (Gernon et al., 2023)—this offset implies initiation at ca. 94–91 120 

Ma (Fig. 4B), between rift onset and breakup, near the timing of rift acceleration (Brune et al., 121 

2016) (Fig. 4D). 122 

The propagation velocity of convective instabilities is controlled in part by activation 123 

energy and hence the viscosity used in geodynamic models. Previous work shows that plausible 124 

ranges in activation energy yield migration rates of 14–33 km/Myr (Gernon et al., 2023). The 125 

impact of this variability is to broaden the range of possible origination times for the initial 126 

instability. Using this range of migration rates and the full span of distances associated with the 127 

NAA (Fig. 4A), we conducted a Monte Carlo simulation (10,000 runs) employing beta 128 

distributions for both distance and rate. This yields a distribution of estimated origination times 129 

(Fig. 4C), with a median of 93.6 Ma and 10th and 90th percentiles of 75 Ma and 116 Ma, 130 

respectively. These results do not change our conclusion, as most estimates (~91%) fall within 131 

error of the rifting and breakup window when the initial instability forms (Fig. 4B), and even the 132 

lower bounds remain geologically plausible given the tectonic history of the margin. 133 

The modeled migration characteristics of the NAA support its interpretation as a Rayleigh-134 

Taylor instability that has sequentially propagated inboard of the Labrador Sea rift system over 135 

time. Numerical and analogue models show that delamination can evolve as drip-like features, 136 
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which are influenced by lithospheric structure and strain localization (e.g., Elkins-Tanton, 2007). 137 

Thus, the stepped, irregular base of the adjacent North American craton likely shaped the geometry 138 

of the observed anomaly (Fig. 1). Seismic constraints offer supporting evidence (though not 139 

necessarily precluding edge-driven convection). Seismic tomography reveals low-velocity 140 

anomalies at 200 km depth (Fig. 1D) that are absent below 550 km (Schmandt and Lin, 2014), 141 

perhaps indicating a shallow mantle origin (cf. Fig. 3). In addition, SKS-splitting shows the 142 

anomaly is associated with both localized, low magnitude and NE-striking upper mantle anisotropy 143 

(Long, 2024), indicative of a combination of the vertical and SW directed mantle flow expected 144 

for a SW-migrating convective instability. While the ultimate causal mechanisms differ, our model 145 

(Fig. 3) complements the interpretation of the NAA as the upwelling limb of a small-scale 146 

convection cell (Menke et al., 2016). A distal origin help reconcile timing problems noted with the 147 

proximal edge-driven convection hypothesis (Carrero Mustelier and Menke, 2021), and the NAA’s 148 

location hundreds of kilometers inboard of the Central Atlantic COB (Fig. 1B). 149 

An outstanding question is whether the NAA could be linked to the CAA, the second 150 

largest seismic anomaly along the east coast (Figs. 1A, 1C; Fig. S2). Previously, the CAA has been 151 

attributed to lithospheric delamination followed by small-scale convection (Mazza et al., 2014; 152 

Byrnes et al., 2019). The CAA may represent one, or perhaps more, Rayleigh-Taylor instabilities 153 

(Long et al., 2021). Might this instability also be linked to rifting in the Labrador Sea? Applying 154 

the same analysis as before (Fig. 4A) would imply that the CAA originated ca. 135 to 120 Ma (Fig. 155 

4B; Fig. S3), following the proposed timing of Labrador rift inception in the late Jurassic (Dickie 156 

et al., 2011). Thus, the CAA could represent an early instability associated with the development 157 

of a steep lithosphere-asthenosphere boundary gradient during early-stage rifting (cf. Gernon et 158 

al., 2023). Indeed, the CAA’s inferred low degrees of melting (~1%) (Evans et al., 2019; Mittal et 159 
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al., 2023) closely match expectations for such instabilities based on hydrous decompressional 160 

melting models (Gernon et al., 2023).  The CAA region’s volcanic history suggests 161 

preconditioning to delamination-related melting (Mazza et al., 2014), likely augmented by hydrous 162 

phases that weaken the lithospheric keel and locally promote its removal (Evans et al., 2019). 163 

Although the NAA may relate to Cenozoic Appalachian uplift (Fernandes et al., 2019), 164 

cold and dry climates and low erosion rates (~10 m/Myr; Hergarten and Kenkmann, 2019) suggest 165 

limited denudation over the past 30 Ma. Nonetheless, lithospheric delamination may have 166 

contributed to earlier topographic rejuvenation in the Central Appalachians (Miller et al., 2013). 167 

Should we expect to see remnants of earlier instabilities (i.e., weak anomalies) along the proposed 168 

path of this chain (Fig. 2)? Relatively sparce seismic coverage north of the NAA—particularly 169 

across Newfoundland, Labrador, and the Gulf of St. Lawrence—limits our ability to detect such 170 

anomalies. Even so, if earlier instabilities propagated in a stepwise manner every ~10 Myr, as seen 171 

in our geodynamic models (Gernon et al., 2023, 2024), their thermal signals would likely have 172 

been erased by conductive re-thickening of the thermal boundary layer over ≳10 Myr timescales 173 

(Yuan et al., 2017). 174 

More speculatively, a pronounced ~200-km-wide seismic anomaly beneath north-central 175 

Greenland (Greve, 2019; Zhang et al., 2024, and references therein) conforms with the projected 176 

northward trajectory of the proposed NAA initiation site (Fig. 2), suggesting a possible shared 177 

origin. Applying the same geospatial analysis as before, the Greenland anomaly is projected to 178 

have formed at ~80 Ma, near coincident with breakup (Figs. 4B, 4D; Fig. S4). A model in which 179 

an instability arrived more recently may help reconcile the persistence of a thermal anomaly long 180 

after other contenders such as the Iceland plume at ~60 Ma (e.g., Martos et al., 2018) would likely 181 
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have dissipated through thermal advection and diffusion. This raises the intriguing possibility of a 182 

unified mechanism linking the NAA, CAA, and Greenland anomalies. 183 
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 301 

FIGURE CAPTIONS 302 

Figure 1. (A) Map of North America (yellow box in global inset map) showing modelled locations 303 

of the NAA and CAA (Schmandt and Lin, 2014; Pollitz and Mooney, 2016; Menke et al., 2016; 304 

Long et al., 2021) relative to COBs (from Müller et al., 2019); red lines show mapped faults from 305 

the USGS’s Geologic Map of North America (https://ngmdb.usgs.gov/gmna/); (B–C) Cross-306 

sections (see A for lines of section) traversing the NAA and CAA using the LithoRef18 global 307 

reference model (Afonso et al., 2019) (see Figs. S1-S2 for other thickness models); (D) Seismic 308 

tomography depth slice at 200 km beneath eastern North America (red box in global inset map), 309 

averaged across 16 models, extracted using SubMachine (Hosseini et al., 2018). (E) Seismic 310 

tomography cross-section (see A) based on the UU-P07 global model (Amaru, 2007). 311 

 312 

Figure 2: Simplified plate tectonic reconstruction from GPlates (https://www.gplates.org/) 313 

showing the Labrador Sea rift at the point of breakup at ~80 Ma. Also shown is the projected track 314 

of the chain of convective instabilities. Inset shows extension velocity along the Labrador Sea 315 

Margins, from Brune et al. (2016). 316 

 317 

Figure 3: Geodynamic model showing Rayleigh-Taylor instability formation beneath continental 318 

lithosphere (model from Gernon et al. (2024)). Note the convective removal of the lowermost 319 
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lithosphere shown in beige, which is associated with downwelling. This is accompanied by 320 

adiabatic upwelling of hotter asthenosphere, warming, and further thinning of the continental keel. 321 

EDC: edge-driven convection. 322 

 323 

Figure 4: Spatial characteristics of the Northern and Central Appalachian Anomalies and the 324 

modeled initiation time of Rayleigh-Taylor instabilities. (A) Distance of the NAA and CAA from 325 

the Labrador Sea COB (n=1000 for each), for four seismic models (labeled). (B) Boxplot showing 326 

projected timing of initiation of the NAA/CAA and north-central Greenland anomaly (see Fig. 327 

S4), using the measured distances, and a migration rate of 20 km/Myr. (C) Density plot of 328 

modelled origination times for the initial NAA instability, generated using a Monte Carlo 329 

simulation (10,000 runs) with the observed distance of the NAA from the Labrador COB (Fig. 4A) 330 

and the likely range of migration rates (14–33 km/Myr) (the same analysis is repeated for CAA in 331 

Fig. S3). (D) Inferred migration rates of instabilities at probable inception points (i.e., rift onset, 332 

acceleration [ra], and breakup), alongside constraints from kimberlites (Gernon et al., 2023), 333 

including migration rates gleaned from geologic observations and analytical/geodynamic models.  334 

  335 
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Supplementary Figures 346 
 347 

 348 
Figure S1: Alternative lithospheric thickness models across the Northern Appalachian Anomaly (for line 349 
of profile, see Fig. 1A). The models are from Hopper and Fischer (2018), Steinberger and Becker (2018), 350 
Menke et al. (2018), Espinal et al. (2024), Afonso et al. (2018) and Fullea et al. (2021). References not 351 
provided in the manuscript are given below. 352 

 353 

 354 
Figure S2: Lithospheric thickness models across the Central Appalachian Anomaly (for line of profile, see 355 
Fig. 1A). The black line shows the LithoRef18 model of Afonso et al. (2018). The yellow diamonds are 356 
interfaces that have been interpreted to represent the lithosphere-asthenosphere boundary (Long et al., 357 
2021). 358 
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 360 
Figure S3: Density plot of modelled origination times for the proposed initial instability, generated using a 361 
Monte Carlo simulation (10,000 runs) with beta distributions applied to both the observed distance of the 362 
Central Appalachian Anomaly (using the mapped extent of Long et al., 2021; see Fig. 1A) from the 363 
Labrador continent–ocean boundary (i.e., ranging from 2542 to 2725 km; Fig. 4A). The migration rate is 364 
sampled from a beta distribution with the following properties (in km/m.y.): min=14, max=33, mean=20, 365 
variance=10. 366 
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 367 
Figure S4: (A) Density plots showing the distribution of inferred origination ages for rift-related Rayleigh-368 
Taylor instabilities, calculated based on the present-day locations of thermal anomalies including the NAA 369 
(Menke et al., 2016) and north-central Greenland (Greve et al., 2019; Zhang et al., 2024), relative to the 370 
southwestern Greenland margin—conjugate to the Labrador margin—and assuming a lateral migration 371 
rate of 20 km/m.y. Each plot represents results from n=1,000 randomly distributed points within a polygon 372 
representing the shape of the anomaly. For Zhang et al. (2024), this polygon represents the peak 373 
anomaly of the ensemble mean of seven heat flow models. Median inferred ages for the Greenland 374 
anomalies for two alternative heat-flow models are both approximately 80 Ma, closely corresponding to 375 
the timing of continental breakup (Fig. 4). (B) The sensitivity of the above estimates to variations in mantle 376 
viscosity (thus migration rate) for the example of the thermal anomaly of Greve (2019). The density plot 377 
was generated using a Monte Carlo simulation (10,000 runs), sampling from the observed distances of 378 
1,000 random points within a polygon shapefile of the anomaly, from the southern Greenland (Labrador 379 
conjugate) continent–ocean boundary (i.e., 1482 to 1732 km).  The migration rate is sampled from a beta 380 
distribution with the following properties (in km/m.y.): min=14, max=33, mean=20, variance=10. 381 
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