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ABSTRACT
Contraction of continental crust during orogeny results in elevated 

topography at the surface and a root at depth. Thermomechanical 
models suggest that root growth is enhanced by thickening of ther-
mally softened thin lithosphere. A >400 km2 region of Archean gneiss 
in the Athabasca granulite terrane in the Canadian shield contains 
abundant mafic sills with mid-oceanic ridge basalt–like chemistry. 
Heat from the sills facilitated melting of supracrustal host rocks along 
a prograde pressure-temperature (P-T) path culminating at P > 1.4 
GPa and T > 950 °C in the Neoarchean. A basalt sill, converted to 
eclogite near the base of the domain, exhibits positive Eu anomalies 
consistent with plagioclase accumulation at a shallow crustal level 
prior to burial. Eclogite facies metamorphism previously dated as 
1.90 Ga is here revised to 2.54 Ga based on existing zircon dates from 
the sill and new monazite dates from the paragneiss that hosts the 
sill. The results suggest that upper crustal materials were thermally 
softened in a backarc setting prior to burial to lower crustal levels 
during orogenic root growth.

INTRODUCTION
Contraction of continental crust during mountain building leads to 

surface uplift and growth of deep crustal roots. Root survival depends 
on the amount of isostatic rebound that occurs when contraction ceases, 
and is a function of erosional unloading at the surface (Fischer, 2002), 
metamorphic reactions that densify the lower crust and inhibit rebound 
(Williams et al., 2014), and the magnitude of foundering of lower crust 
into the mantle (Ducea, 2011). Roots are well documented seismically 
in modern and ancient orogens, e.g., the Southern Alps in New Zealand 
(Scherwath et al., 2003) and the Trans-Hudson orogen in the Canadian 
Shield (Lucas et al., 1993). Deeply exhumed field examples of crustal 
roots, however, are rare and include parts of the Western Gneiss region 
(Dewey et al., 1993) and the Bohemian Massif (Schulmann et al., 2005).

Thermomechanical models for root growth emphasize the importance 
of thermal softening prior to thickening, a situation that is most likely in 
continental rift zones or backarc settings (Thompson et al., 2001). Tec-
tonic burial of a hot backarc provides a mechanism for ultrahigh-temper-
ature (UHT) metamorphism due to an elevated geothermal gradient and 
>800 °C Moho temperature that result from high mantle heat flux across 
thin lithosphere (Currie and Hyndman, 2006). Models of root growth 
achieve UHT conditions at high pressure (P) when thickening occurs 
across a narrow 100-km-wide zone with a hot 35 °C/km initial geotherm 
that is enhanced by additional heat supplied from below (model HH100 
in Thompson et al., 2001).

We present evidence for Neoarchean eclogitization near the base of 
a buried backarc basin, now preserved as the Upper Deck domain in 
the western Canadian shield (Fig. 1). Our results are consistent with the 

modeling of Thompson et al. (2001) and provide evidence for crustal 
root growth associated with high-P metamorphism of mid-oceanic ridge 
basalt (MORB)–like mafic intrusions. Intraplating of these intrusions 
facilitated partial melting and UHT metamorphism of peraluminous supra-
crustal host rocks (Dumond et al., 2015). We use Th–U–total Pb monazite 
petrochronology to constrain the timing of high-P melting preserved in 
felsic granulite paragneiss in contact with a previously dated eclogite 
sill that yielded U-Pb zircon dates of 2.54 Ga and 1.90 Ga (Baldwin et 
al., 2004). These results are combined with bulk-rock geochemistry for 
mafic granulites and eclogite near the base of the Upper Deck to infer a 
backarc origin for a Neoarchean orogenic root.

BACKGROUND
The >400 km2 and >50-km-wide Upper Deck domain is part of the 

>20,000 km2 Athabasca granulite terrane in the western Canadian shield 
(Figs. 1A and 1B). The domain consists of (1) garnet-rich kyanite (Ky) 
+ potassium feldspar (Kfs) ± orthopyroxene (Opx) ± sillimanite (Sil) 
felsic granulite gneisses (mineral abbreviations after Bucher and Frey, 
2002), (2) centimeter- to kilometer-scale sills and dikes of garnet (Grt) + 
clinopyroxene (Cpx) + plagioclase (Pl) + quartz (Qtz) ± hornblende (Hbl) 
mafic granulite gneisses, and (3) a sill of eclogite as much as 15 m thick 
near the base of the domain (Snoeyenbos et al., 1995; Fig. 1B). Field 
relationships indicate that the felsic granulite gneisses were produced by 
partial melting of a biotite (Bt) bearing metasedimentary protolith dur-
ing intrusion of a mafic magma intraplate, now represented by the mafic 
granulites and eclogite (Dumond et al., 2015).

Peak conditions for the Upper Deck are constrained by phase equilibria 
modeling of felsic granulite bulk compositions indicating temperature, T 
> 950 °C during a period of prograde crustal thickening from P < 0.8 GPa 
to P > 1.4 GPa (Dumond et al., 2015). Existing P-T data for the mafic 
granulites and eclogite are consistent with these pressures (Baldwin et 
al., 2003, 2007). Constraints on the timing of metamorphism and defor-
mation in the Upper Deck include zircon and monazite dates from felsic 
granulites that record partial melting, garnet growth, and lower crustal flow 
at 2.61–2.52 Ga (Baldwin et al., 2006; Dumond et al., 2015). Monazite 
inclusions in high-Ca garnet constrain the timing of UHT–high-P meta-
morphism at 2.58–2.52 Ga (Dumond et al., 2015). The felsic granulites 
contain polyphase inclusions of Bt + Pl + Qtz + rutile (Rt) included in 
high-Ca garnet, indicating that partial melting via the reaction Bt + Pl + 
Qtz → Grt + Kfs + melt occurred at high P (>1.4 GPa; Dumond et al., 
2015). The ca. 1.9 Ga monazite dates in the felsic granulites are inferred to 
indicate crustal reactivation during a second lower P granulite facies event 
(Dumond et al., 2015). Zircon dates from the mafic granulites and eclogite 
span 2.54–1.89 Ga (Baldwin et al., 2003, 2004). A zircon U-Pb isotope 
dilution–thermal ionization spectrometry (ID-TIMS) date of 1.904 Ga was 
obtained (Baldwin et al., 2004) for the eclogite that was reinforced by ca. 
1.9 Ga in situ sensitive high-resolution ion microprobe (SHRIMP) dates 
on zircon included in clinopyroxene in a single thin section from a second *E-mail: gdumond@uark.edu
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sample. Single zircon grains from the same sample, however, produced a 
high-precision ID-TIMS U-Pb discordia with intercepts at 2.54 Ga and 
1.91 Ga (Baldwin et al., 2004), consistent with a polymetamorphic origin 
for zircon in the eclogite and similar to zircon U-Pb discordia documented 
in Upper Deck mafic granulites (Baldwin et al., 2003).

NEW FIELD OBSERVATIONS FROM THE DATED ECLOGITE 
LOCALITY

A wildfire in A.D. 2006 burned several hundred square kilometers of 
the Upper Deck and revealed new exposures of the eclogite sill. Field 
observations in 2007 showed that the eclogite and the host felsic granu-
lite gneiss share a penetrative gently southwest-dipping foliation. The 
foliation and the contact between the two rocks is folded (Fig. 1C), with 
retrograde sapphirine occurring axial planar to the fold in both rock types. 
These concordant observations at the original sample locality negate the 
discordant relationships inferred by Baldwin et al. (2004), and require 
that the felsic granulite and eclogite had a shared history prior to folding 
and sapphirine growth.

MONAZITE PETROCHRONOLOGY OF THE ECLOGITE 
HOST ROCK

Monazite petrochronology is a rapidly advancing field in continental 
tectonics with the goal of linking monazite dates to specific metamorphic 
processes and deformation events (e.g., Mottram et al., 2014). Here we 
present results from 07G-030-H2A (Figs. 1C and 2; see the GSA Data 
Repository1), a garnet-rich sapphirine-bearing felsic granulite paragneiss 
in contact with the eclogite dated by Baldwin et al. (2004); Baldwin et 
al. (2015) obtained P-T conditions of P > 1.4 GPa and T > 800 °C for a 
similar rock adjacent to the eclogite.

Inclusions of resorbed Bt + Pl occur in garnet, consistent with garnet 
growth via a fluid-absent biotite melting reaction such as Bt + Pl + Qtz → 
Grt + Kfs + melt (Vielzeuf and Montel, 1994). Biotite inclusions are Ti 
rich (to 5.52 wt% TiO2; Table DR1 in the Data Repository), as expected 
for residues of UHT melting (Cesare et al., 2003). Garnet grains are 
zoned with low-Ca cores (grossular, Grs4) that grade into high-Ca rims 
(Grs20; Fig. 2B; Table DR1). Similar observations were documented for 
felsic granulites in the western Upper Deck (Dumond et al., 2015) and 
attributed to garnet growth during prograde loading at 800 to >950 °C 
and 0.8 to >1.4 GPa. Garnet grains in the eclogite contact zone display 
symplectite textures and evidence for breakdown to coronae of Opx + Pl 
during subsequent decompression (Figs. 2A and 2B; Table DR1; Bald-
win et al., 2007).

1 GSA Data Repository item 2017313, analytical methods, Table DR1 (electron 
probe microanalyzer major element analyses for garnet and biotite), Table DR2 
(electron probe microanalyzer monazite analyses), Table DR3 (mafic rock bulk 
compositions), Figure DR1 (reaction textures and setting of monazite grain 3-m7), 
Figure DR2 (setting of monazite grains not in the field of view of Fig. 2B), Figure 
DR3 (monazite consistency standard results), and Figure DR4 (mafic rock bulk 
composition plots), is available online at http://www.geosociety.org​/datarepository​
/2017/ or on request from editing@geosociety.org.

Monazite grains occur only as inclusions in garnet (Fig. 2B). Four 
compositionally defined monazite domains were identified based on X-ray 
mapping (Fig. 2C; Fig. DR2). Domain 1 corresponds to resorbed high-Y 
monazite cores dated as 2.61–2.57 Ga (Fig. 2C). Domain 2 consists of 
Y-depleted, high-Th monazite rims dated as 2.60–2.57 Ga (Figs. 2B and 2C). 
Several grains consist partly or entirely of domain 3 defined by Y-depleted, 
low-Th monazite dated as 2.54–2.52 Ga (Figs. 2B and 2C). Domain 3 
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Figure 1. A: Location of 
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occurs locally as inclusions in high-Ca garnet (e.g., grains 3-m7 in Fig. 2B; 
1-m1 in Figs. DR2A–DR2C). Three analyses of domain 3 yield a weighted 
mean date of 2529 ± 34 Ma (2σ, mean square of weighted deviates = 0.11), 
and provide a maximum constraint on the timing of high-Ca garnet growth 
and high-P metamorphism (Fig. 2D). Domain 4 consists of monazite rims 
on Neoarchean cores that are adjacent to cracks in garnet connected to the 
matrix and dated as 1.90–1.89 Ga (Fig. 2C; Figs. DR2D–DR2G). Domain 
4 rims display embayed compositional zoning indicative of dissolution-
reprecipitation of preexisting monazite (Harlov et al., 2011; Fig. DR2G).

MAFIC ROCK GEOCHEMISTRY
Bulk geochemistry is reported for mafic granulite and eclogite col-

lected near the base of the Upper Deck to constrain their petrogenetic 
history (Fig. 1B; Fig. DR4; Table DR3). Mafic granulite samples have 
compositions similar to tholeiitic basalts. Eclogite samples have high-alu-
mina basalt compositions. All samples define a tholeiitic trend on an AFM 
diagram (Na2O + K2O, FeOTotal, MgO; Fig. DR4A). A spider diagram for 
all samples normalized to average primitive continental arc andesite shows 
that Upper Deck samples are depleted in the large ion lithophile elements 
with respect to primitive arc rocks (Rb, Ba, K, and Sr; Fig. DR4B). The 
mafic granulites are enriched in Ti, Y, and the heavy rare earth elements 
(REEs; Dy, Yb, and Lu; Fig. DR4B). Eclogite samples are depleted in all 
elements with respect to primitive continental arc andesite (Fig. DR4B). 
None of the samples have an arc affinity, and instead define positively 
sloping patterns that are similar to primitive MORB (Fig. DR4B).

Mafic granulites exhibit flat REE patterns that overlap with primitive 
MORB (Fig. DR4C). The eclogite samples tend to have negatively sloping 
patterns due to light REE enrichment and many have positive Eu anoma-
lies indicative of plagioclase accumulation (Fig. DR4C). For comparison, 
85 backarc basalt compositions were retrieved from EarthChem PetDB 
(www.earthchem.org; accessed 17 October 2015). The results show that 
Upper Deck mafic granulites and some of the eclogites have REE patterns 
similar to backarc basalts (cf. Figs. DR4C and DR4D).

DISCUSSION

Monazite Petrochronology and Implications for Interpreting 
Zircon Geochronology

Monazite and garnet are the only Y-bearing phases in 07G-030-H2A 
and the depletion in Y observed in monazite can be attributed to garnet 

growth during partial melting and resorption of high-Y domain 1 mona-
zite (Dumond et al., 2015). Crystallization of Y-depleted domain 2 mona-
zite from melt therefore occurred in the presence of garnet at 2.60–2.57 
Ga (Fig. 2C). Melt loss is required to preserve residual garnet-rich bulk 
compositions derived from partial melting (White and Powell, 2002). 
Thorium in monazite is a proxy for melt loss in peraluminous partially 
molten rocks whereby Th partitions into monazite as it crystallizes from 
the melt (Dumond et al., 2015). As melt was lost from the system, less Th 
was available to partition into monazite (Dumond et al., 2015). Low-Th 
domain 3 monazite grains included in high-Ca garnet are interpreted to 
have crystallized after 2.57 to 2.52 Ga at high pressure and after significant 
melt loss (Figs. 2B and 2C). Rare ca. 1.9 Ga domains adjacent to cracks 
in garnet are inferred to record dissolution-reprecipitation of Y-depleted 
high-Th Neoarchean monazite after high-P metamorphism and possibly 
during a second granulite facies event (Fig. 2C; Fig. DR2; Baldwin et 
al., 2006; Dumond et al., 2015). The occurrence of Neoarchean high-P 
garnet in the eclogite host rock is inconsistent with the 1.90 Ga age inter-
preted for eclogite metamorphism by Baldwin et al. (2004) and is more 
consistent with the oldest concordant U-Pb date of 2.54 Ga obtained for 
zircon via ID-TIMS.

Inferring a Backarc Basin Setting
Modern continental margin backarc basins include the Okinawa 

Trough and the Sea of Japan (Letouzey and Kimura, 1986; Lee et al., 
2001). These basins can have depocenters >10 km in thickness (Lee et al., 
2001) and contain both MORB-like and arc-like basalts emplaced during 
backarc basin spreading (Taylor and Martinez, 2003). Field occurrences 
of roots that resulted from thickening of hot backarcs should thus have 
appreciable amounts of basin fill and basalt. The Upper Deck is character-
ized by a locally 10-km-thick succession of metasedimentary rocks and 
MORB-like basaltic intrusions, although some of this amount is due to 
tectonic thickening (Dumond et al., 2015). Most of the eclogite samples 
display light REE enrichment and positive Eu anomalies consistent with 
plagioclase accumulation at shallow crustal levels (<1.0 GPa; Baldwin 
et al., 2004). We infer that contraction, closure, and tectonic burial of a 
hot backarc basin provided the conditions necessary to (1) facilitate UHT 
metamorphism, (2) attain P > 1.4 GPa, and (3) locally achieve eclogite 
facies. The minor amount of eclogite in the Upper Deck is attributed to 
variations in bulk composition that precluded most of the mafic rocks 
from crossing the garnet granulite–eclogite transition (Ringwood, 1975).
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P-T-t Paths for the Felsic Granulite and Eclogite During Orogenic 
Root Growth

Existing constraints on the P-T-t paths for rocks of the Upper Deck 
include (1) deposition of the felsic granulite protolith prior to 2.61 Ga, 
(2) prograde burial to ~0.8 GPa and T > 800 °C at 2.61–2.55 Ga, and (3) 
loading to P > 1.4 GPa at T > 950 °C (blue path in Fig. 3A; Dumond et al., 
2015). The dashed green path in Figure 3A illustrates the preferred path for 
the mafic granulites and eclogite, which originated as MORB-like basalts 
derived from decompression melting during backarc extension (Figs. 3A 
and 3B). Following shallow crustal emplacement, both the felsic and 
mafic rocks would have shared a similar burial P-T path culminating at P 
= 1.4–1.6 GPa at 2.58–2.52 Ga, marking the onset of crustal root growth 
(Figs. 3A and 3C). This path is similar to the HH100 path modeled by 
Thompson et al. (2001) for thickening of hot thin lithosphere across a nar-
row 100-km-wide zone to produce an orogenic root (red path in Fig. 3A).
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