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What goes on below 
orogenic plateaux?

• Orogenic plateaux are integral to many modern orogens
• However, the deeper crustal levels are rarely exposed
• We investigate Appalachian crustal evolution with new

databases and recognize (paleo)-plateau lower levels
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High elevation orogenic plateaus are formed by a complex interplay of deep and surficial processes and
influence a variety of Earth systems. However, few exposures of plateau mid-crust are presently rec-
ognized, hindering understanding of the deeper processes. We present evidence for the existence of
an orogenic plateau during and after the Devonian Acadian orogeny whose mid-crustal roots are ex-
posed in the New England Appalachians. The four-dimensional crustal evolution of this paleo-plateau
is constrained by the integration of new petrologic and geochronologic databases, petrochronology, and
geophysical imaging. Doubly thickened crust, widespread amphibolite to granulite-facies metamorphic
conditions, a paleo-isobaric surface, and protracted mid-crustal anatexis indicate the development of a
high elevation, low relief plateau by 380 Ma. 40Ar/39Ar thermochronology shows a distinct thermochrono-
logic signature with very slow cooling rates of 2–4 ◦C/m.y. following peak metamorphic conditions.
Thermochronologic data, trace element and Nd isotope geochemistry, and monazite petrochronology sug-
gest a 50 m.y. lifespan of the plateau. Orogen parallel ductile flow and extrusion of gneiss domes resulted
in plateau collapse, crustal thinning, and homogeneous exhumation at ca. 330–300 Ma. Thinning and ex-
humation of the plateau crust may have led to the sharp 12–15 km step in Moho depth in western New
England, possibly by reactivating the suture between Laurentia and accreted Gondwanan-derived terranes.
The formation of the Acadian altiplano may have influenced Li-pegmatite genesis, foreland basin evolu-
tion, and Paleozoic paleoclimate, while its recognition may provide a window into the deeper processes
of orogenic plateaus including partial melting, plutonism, and collapse by ductile extension.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Orogenic plateaus are integral to many modern collisional oro-
gens (e.g. the Tibetan Plateau, the Andean Altiplano-Puna plateau,
and the Anatolian-Zagros plateau) and the mechanism(s), rates,
and timing of uplift and collapse are critical data for models of col-
lisional tectonics (Garzione et al., 2017; Kapp and DeCelles, 2019).
The creation and destruction of orogenic plateaus affect global geo-
dynamics (Hatzfeld and Molnar, 2010), climate (Raymo and Rud-
diman, 1992), atmospheric circulation (Molnar et al., 1993), and
the genesis of critical resource deposits (Bradley, 2019). Current
models of plateau evolution are generally informed by studies of
modern orogens, which provide a field-based record of predomi-
nantly upper crustal processes. Deeper geodynamic processes are
inferred from numerical models, petrogenetic studies, and geo-
physical imaging. The recognition of paleo-plateaus, and especially,
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the deeper levels of paleo-plateaus, has been hindered by over-
printing events, complex deformational histories, and the limita-
tions of geochronologic techniques. Yet, a mid-crustal perspective
on the processes, kinematics, and timescales of plateau evolution
may be key for placing observations made in modern orogens into
a broader context, testing the predictions of numerical models, and
in building four dimensional models of plateau evolution.

We present evidence for the existence of an orogenic plateau
during and after the Acadian Orogeny (sensu lato), ca. 380-330 Ma,
the exhumed mid-crustal roots of which are exposed in the New
England Appalachians. The extent of the region of homogeneous
uplift and exhumation are defined by thermobarometric and ther-
mochronologic data. We constrain the timing and nature of crustal
thickening, mid-crustal residence, and orogenic collapse with the
integration of structural fabrics and monazite petrochronology. Our
results are consistent with, and may help to explain, a wide variety
of geologic observations from the history of the foreland basin to
modern Moho structure while providing a four-dimensional per-
spective on plateau evolution.

https://doi.org/10.1016/j.epsl.2021.116797
0012-821X/© 2021 Elsevier B.V. All rights reserved.

Doubly thickened crust
• Geochemical proxies suggest a 60-70 km thick crust
• Similar to modern plateaux; supports ≥5 km elevations
• Distributed thickening consistent with plateau models
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Findings and implications
• Plateau existed in New England ca. 380-330 Ma
• Plateau collapse formed sharp, ~15 km Moho step
• New window into deeper plateau processes

including partial melting, plutonism, and collapse
• May have influenced Li-pegmatite genesis,

foreland basin evolution, and paleoclimate

Paleo-isobaric surface and very slow cooling
• Consistent ~0.6 GPa (6 kbar) Acadian pressures suggestive of low-relief plateau
• Discontinuity in 40Ar/39Ar dates near Moho step: older to west, younger to east
• Very slow Acadian cooling (2–4 °C/m.y.) east of Moho step
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Mid-crust: hot and deep for 50 m.y.r
• Anatectic rocks abundant in mid-crustal rocks ca. 390-350 Ma 

suggesting hot, weak mid-crust that favored a plateau
• Monazite petrochronology suggests garnet was stable 380-330 Ma
• Garnet breakdown 330-300 Ma during decompression & collapse
• Core-complex like gneiss domes extruded during collapse
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• 12-15 km step in Moho depth
• High-T thermochron discontinuity along step
• No discontinuity in low-T thermochron
• Thermal histories W and E of step converge

at ca. 325-285 Ma during plateau collapse
• May have re-activated fundamental suture

between Laurentia and accreted terranes
• Sharp Moho step preserved for ~300 m.y.r.
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Plateau collapse forms long-lived Moho step

Tectonic map

This poster summarizes results from 2 new papers, 3 talks, and a new database which are linked on the lower right

Geologic Setting
Crustal thickness

Hillenbrand et al. (2021) link to new database
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Paleozoic evolution of crustal thickness and elevation  
in the northern Appalachian orogen, USA
Ian W. Hillenbrand and Michael L. Williams
Department of Geosciences, University of Massachusetts–Amherst, 627 N. Pleasant Street, Amherst, Massachusetts 01003-9297, USA

ABSTRACT
The Acadian and Neoacadian orogenies are widely recognized, yet poorly understood,

tectono-thermal events in the New England Appalachian Mountains (USA). We quantified 
two phases of Paleozoic crustal thickening using geochemical proxies. Acadian (425–400 Ma)
crustal thickening to 40 km progressed from southeast to northwest. Neoacadian (400–380 Ma)
crustal thickening was widely distributed and varied by 30 km (40–70 km) from north to
south. Doubly thickened crust and paleoelevations of 5 km or more support the presence of 
an orogenic plateau at ca. 380–330 Ma in southern New England. Neoacadian crustal thick-
nesses show a strong correlation with metamorphic isograds, where higher metamorphic
grade corresponds to greater paleo-crustal thickness. We suggest that the present metamor-
phic field gradient was exposed through erosion and orogenic collapse influenced by thermal,
isostatic, and gravitational properties related to Neoacadian crustal thickness. Geobarometry
in southern New England underestimates crustal thickness and exhumation, suggesting the 
crust was thinned by tectonic as well as erosional processes.

INTRODUCTION
Present-day variations in crustal thickness

are relatively well known (Laske et al., 2012), 
but the timing and magnitude of crustal thick-
ening and surface uplift variations in ancient
mountain belts are poorly constrained (Molnar 
et al., 1993; Garzione et al., 2017). Traditionally,
episodes of crustal thickening have been inter-
preted from geobarometry and the geometry of 
metamorphic isograds (Carmichael, 1978; Spear
et al., 1984). However, these methods cannot
constrain the thickness of crust below the cur-
rent exposure, and interpretations can be compli-
cated by later overprinting. The geochemistry of
syncollisional igneous rocks has recently been 
proposed as a paleo–crustal thickness proxy (Hu
et al., 2017; DePaolo et al., 2019), offering a
promising tool with which to study the crustal 
evolution of ancient convergent margins.

The Appalachian Mountains (eastern United
States) are a classic example of accretionary tec-
tonics, yet first-order questions abound in the
New England section of the orogen. The nature,
timing, and significance of the Acadian and Neo-
acadian tectono-thermal events and the potential
existence of an orogenic plateau are not well
constrained due to polyphase deformation, high-
grade metamorphism, along-strike heterogene-
ity, and an apparent continuum of geochrono-

logic dates (Robinson et al., 1998; Hillenbrand 
et al., 2019). Constraints on crustal thickness
during Appalachian orogenesis are essential for 
testing tectonic models and for drawing conclu-
sions about large-scale Earth system processes.

We investigated the magnitude and spatial
pattern of crustal thickening during the Acadi-
an and Neoacadian orogenies in New England 
using geochemical proxies. The data suggest
two stages of thickening that culminated in the 
formation of an orogenic plateau in southern
New England. Variations in crustal thickness are
strongly correlated with exposed metamorphic 
isograds, suggesting that the amount and style of
orogenic collapse and isostatic rebound played 
a major role in the development of the modern 
metamorphic field gradient.

GEOLOGIC BACKGROUND
The tectonic elements of the Appalachian

orogen record multiple phases of Phanerozoic
tectonism (Fig. 1). Orogenesis began with the
Taconic orogeny (475–445 Ma), interpreted
to represent collision between Laurentian and
Ordovician island arc(s) built on the Gondwa-
nan-derived Moretown terrane in New England
(Macdonald et al., 2014). The Salinic orogeny
(440–430 Ma) involved accretion of Ganderia,
a peri-Gondwanan domain, to Taconic-modified

composite Laurentia (van Staal et al., 2009). The
Acadian orogeny is marked by nappe emplace-
ment and magmatism and is attributed to colli-
sion between composite Laurentia and Avalonia,
a Gondwanan-derived domain (423–385 Ma,
Robinson et al., 1998; 425–400 Ma, van Staal
et al., 2009). The enigmatic Neoacadian orog-
eny (366–350 Ma, Robinson et al., 1998; 400–
340 Ma, van Staal et al., 2009) has been charac-
terized on the basis of geochronology, high-grade
metamorphism, plutonism, and the overprinting
of Acadian structures. It has been associated with
accretion of the peri-Gondwanan Meguma ter-
rane (van Staal et al., 2009). The 325–260 Ma
Alleghanian orogeny is interpreted to record col-
lision of Gondwana with Laurentia and the final
assembly of Pangea, although its effects are re-
stricted primarily to southeastern New England
(Robinson et al., 1998; Wintsch et al., 2014). 
Mesozoic extension associated with the breakup
of Pangea led to magmatism, normal faulting,
and the development of rift basins (Zen, 1991).

METHODS
We applied crustal thickness and paleoeleva-

tion proxies to a newly compiled geochemical da-
tabase for the northern Appalachian Mountains.
Hu et al. (2017, 2020) developed trace-element
proxies from global correlations of crustal thick-
ness, elevation, Sr/Y, and chondrite-normalized
La/Yb (La/Ybn) values in syncollisional igneous
rocks. This has been interpreted to reflect mag-
ma generation, assimilation, and differentiation
occurring near the Moho. As the crust thickens,
garnet and amphibole are increasingly stable, se-
questering Y and Yb, while plagioclase breaks
down, releasing Sr and La, which results in in-
creasing Sr/Y and La/Yb ratios in the melt phase.
The thermo-isotopic neodymium crustal index
(NCI) of DePaolo et al. (2019) uses the degree of
crustal assimilation as a proxy for crustal thick-
ness. It operates on the assumption that most melt
hybridization occurs at or near the base of the
crust and that higher degrees of assimilation are
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