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Abstract
Determining pressure and temperature variations between high-pressure/low-temperature (HP–LT) eclogite blocks is crucial 
for constraining end-member exhumation models; however, it has historically been challenging to constrain eclogite pres-
sures due to the high variance associated with this bulk-rock composition. In this work, we utilize quartz-in-garnet elastic 
barometry to constrain formation pressures of eclogites from the northern (Junction School, Ring Mountain, Jenner Beach) 
and southern Franciscan Complex (Santa Catalina Island). Multiple eclogite blocks from Jenner Beach are analyzed, and a 
single eclogite from the other localities. By comparing garnet growth conditions from within a single outcrop and between 
distinct outcrops, we evaluate the local and regional spatial distribution of P conditions recorded by eclogites. We compare 
the mean, median, and max pressures between different garnet zones and eclogites. Pressures sometimes exhibit systematic 
changes across garnet zones; however, some eclogites exhibit no systematic pressure variations across garnet zones. Pres-
sures from northern Franciscan eclogites range from ∼1.4–1.8 GPa, at an estimated temperature of 500 ◦ C; pressures from 
the Catalina eclogite range from ∼1.2–1.5 GPa, at an estimated temperature of 650 ◦ C. Mean and maximum pressures of 
different eclogites from the northern Franciscan exhibit negligible differences (< 0.1 GPa). The results are inconsistent with 
models that propose exhumation of metamorphic blocks from different structural levels, and suggest that now exposed HP–
LT eclogites from the northern Franciscan Complex may represent rocks that were coherently underplated, and exhumed 
from similar structural levels.
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Introduction

High pressure–low temperature (HP–LT) rocks provide 
insight into the thermal (e.g., Penniston-Dorland et  al. 
2015), mechanical (e.g., Agard et al. 2018), fluid (e.g., Col-
lins et al. 2015), and temporal (e.g., Baldwin et al. 2004) 
evolution of subduction zones. The Franciscan Complex of 

California represents an exhumed accretionary complex that 
preserves exceptional HP–LT rocks that are well-known for 
their block-and-matrix relationship, with high-grade blocks 
embedded within metasediments or an ultramafic matrix 
(serpentinites, chlorite, talc, actinolite). These rocks have 
been used to understand: (a) the evolution of the Franciscan 
complex (e.g., Wakabayashi 2015), (b) the formation condi-
tions of blueschists and eclogites (e.g., Tsujimori et al. 2006; 
Page et al. 2007; Ukar et al. 2012), (c) interactions among 
multiple deep subduction zone processes (e.g., Viete et al. 
2018), and (d) the mechanisms responsible for exhumation 
of HP–LT rocks (e.g., Cloos 1982; Platt 1986; Horodyskyj 
et al. 2009). Determining P–T conditions of high-grade 
blocks is fundamental for understanding these subduction 
zone processes, but constraining the formation pressures 
of blocks such as eclogites has historically been challeng-
ing due to a lack of suitable barometers. Eclogites present 
a thermobarometric challenge owing to the high number 
of components and the low number of phases (omphacite 
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+ garnet ± rutile ± quartz) present in their bulk composi-
tion (i.e., high variance, Essene 1989). Furthermore, most 
thermobarometers that are suitable for eclogites are more 
appropriate as thermometers (e.g., garnet–pyroxene thermo-
barometry). Owing to the lack of suitable eclogite barom-
eters, the reported maximum and mean formation pressures 
of eclogites from within the same locality, and across the 
broader Franciscan Complex, have significantly varied.

Elastic thermobarometry is a rapidly developing tech-
nique that can be a suitable alternative to conventional ther-
mobarometry. The seminal studies that used the elastic prop-
erties of minerals to constrain the conditions at which a host 
entraps an inclusion (solid) were published in the 1960’s and 
70’s (Rosenfeld and Chase 1961; Rosenfeld 1969; Adams 
et al. 1975a, b; Cohen and Rosenfeld 1979). The application 
of elastic thermobarometry has recently increased largely 
due to the simple applicability of using Raman spectros-
copy systems to constrain residual pressures recorded by 
inclusions (e.g., Enami et al. 2007). The residual pressure 
is combined with elastic modeling of the inclusion–host 
pair to constrain the conditions of host growth (e.g., Adams 
et al. 1975a, b; Rosenfeld and Chase 1961; Rosenfeld 1969; 
Cohen and Rosenfeld 1979; Angel et  al. 2015). Recent 
work shows that the quartz-inclusions-in-garnet (qtz-in-
grt) elastic barometer is ideally suited for constraining pres-
sures of eclogites because it is insensitive to compositional 
constraints (e.g., Zhong et al. 2020b; Cisneros and Befus 
2020), and exhibits minimal temperature dependence (e.g., 
Guiraud and Powell 2006; Ashley et al. 2014; Kohn 2014). 
Furthermore, experiments that grow garnet around quartz at 
known laboratory conditions have shown that the qtz-in-grt 
barometer records accurate pressures (± 0.2 GPa, Thomas 
and Spear 2018; Bonazzi et al. 2019), and garnet flow laws 
(i.e., Wang and Ji 1999) predict that viscous relaxation 
only affects the barometer at temperatures ≥ 650 ◦ C over 
short timescales (Zhong et al. 2020b). Recent studies have 
also shown that pressure constraints from quartz-in-garnet 
barometry can be coupled with chemical zoning of garnet to 
better understand the tectonic history of metamorphic rocks 
(e.g., Taguchi et al. 2019; Bayet et al. 2020; Groß et al. 2020; 
Cisneros et al. 2021; Schwarzenbach et al. 2021).

In this work, we compare pressures recorded by spatially 
and temporally variant eclogite blocks from the Francis-
can Complex in California. We focus on eclogites, because 
previous studies suggest that they preserve the maximum 
pressure conditions reached by the Franciscan Complex. 
We use qtz-in-grt barometry to constrain quartz inclu-
sion entrapment pressures (pressure at which garnet grows 
around quartz inclusions, P

trap
 ) of eclogites from the north-

ern (Jenner Beach, Ring Mountain, and Junction School) 
and southern Franciscan Complex (Santa Catalina Island). 
By comparing garnet growth conditions within and between 
distinct outcrops, we evaluate the local and regional spatial 

distribution of pressure conditions recorded by eclogites. 
We use these results to address spatio-temporal variations 
of peak pressures recorded by eclogites, compare our results 
with conventional thermobarometry, and discuss implica-
tions for exhumation of high-grade blocks from the Fran-
ciscan Complex.

Geologic background of the Franciscan 
complex

Geologic history of the Franciscan complex

The Franciscan accretionary complex records subduction 
of the east-dipping Farallon plate beneath western North 
American (e.g., Wakabayashi 1992; Raymond 2019). The 
Franciscan complex is overlain by the Coast Range Ophi-
olite (CRO), which forms the basement to the Great Val-
ley Sequence forearc sediments. To the east of the Francis-
can, the Sierra–Klamath–Salinia terranes are composed of 
magmatic arc and metamorphic basement with overlying 
sediments that comprise most of central-east California. 
Protolith age constraints suggest the CRO formed between 
∼172–162 Ma (e.g., Shervais et al. 2005; Hopson et al. 
2008), and the oldest reported ages of metamorphism from 
Franciscan high-grade blocks, i.e., blocks with significantly 
higher metamorphic grade (blueschist, eclogite, and amphi-
bolites facies) relative to the surrounding matrix, are ∼176 
Ma (mean U-Pb age of metamorphic zircon inclusions in 
garnet, Mulcahy et al. 2018). However, metamorphic zircon 
U-Pb ages from high-grade blocks are primarily younger 
( ∼166–157 Ma), and ∼180 Ma ages (U–Pb zircon core) 
have been related to protolith basalt crystallization (Rutte 
et al. 2020). The similar age of metamorphism of Francis-
can high-grade blocks and formation of CRO magmatic and 
sedimentary rocks, suggests that subduction of the Francis-
can complex occurred simultaneously with CRO formation 
(Anczkiewicz et al. 2004), or that initiation of subduction 
of the Franciscan occurred slightly before CRO formation 
(Mulcahy et al. 2018). CRO serpentinite geochemistry sug-
gests a supra-subduction zone origin (Barnes et al. 2013), 
and may support coeval formation of the CRO with Fran-
ciscan subduction initiation. By contrast, younger K-Ar and 
40Ar/39 Ar ages (155–145 Ma) from high-grade blocks from 
the Franciscan have also been used to suggest that subduc-
tion–initiation postdates CRO formation (e.g., Cloos 1985; 
Ukar et al. 2012). Debate over the timing of Franciscan sub-
duction–initiation and CRO formation has led to compet-
ing hypotheses over the tectonic evolution of western North 
America (e.g., Stern and Bloomer 1992; Godfrey and Klem-
perer 1998; Hopson et al. 2008).

The Franciscan Complex is exposed over ∼1800 km along 
the Western margin of California (Wakabayashi 1992, 2015). 
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The northern Franciscan complex is divided into three subu-
nits: the Coastal, Eastern, and Central belts (Ernst 1975, 
Fig. 1). The Coastal belt has been described as a coherent 
terrane composed of Paleogene age protolith rocks that 
reached low-grade zeolite facies (Bachman 1982). The Cen-
tral belt is described as a “melange”, primarily characterized 
by high-grade blocks that were metamorphosed between 
172–147 Ma (e.g., Anczkiewicz et al. 2004; Mulcahy et al. 
2018), and now lie within a Jurassic–Cretaceous (Coleman 
and Lanphere 1971) shaley matrix that reached prehnite-
pumpellyite facies conditions (Terabayashi and Maruyama 
1998), or an ultramafic matrix (Wakabayashi et al. 2010). 
The Eastern belt has been described as a coherent blues-
chist facies terrane composed of late-Jurassic to early Creta-
ceous protolith rocks (Isozaki and Blake 1994), that records 
P–T conditions of ∼215–365 ◦ C and ∼0.78–1.1 GPa at ∼
123–110 Ma (e.g., Bröcker and Day 1995; Dumitru et al. 
2010; Schmidt and Platt 2020). The younging trend of proto-
lith ages from the Eastern to Coastal belts is generally agreed 
upon; however, the relationship amongst high-grade blocks 
from the central belt remains debated. The southern Francis-
can Complex (exposed on Santa Catalina Island, Fig. 2) is 

primarily composed of a series of internally coherent slices 
(uniformly deformed, cohesive packages that did not form 
block-matrix structures) with metamorphic grade ranging 
from lawsonite blueschist to amphibolite facies. The coher-
ent slices consist of metagraywacke, metachert, and mafic 
igneous protoliths, and individual slices preserve a single 
metamorphic grade. The amphibolite facies rocks reached 
peak temperatures of 640–750 ◦ C (e.g., Platt 1976; Sorensen 
1988; Harvey et al. 2021a; Grove and Bebout 1995) at ∼115 
Ma (Mattinson 1986; Anczkiewicz et al. 2004), recording a 
warmer geothermal gradient in comparison to the northern 
Franciscan Complex.

Timing, pressure, and temperature constraints 
of high‑grade blocks

High-grade blocks from the Central belt in the northern 
Franciscan Complex include amphibolites, eclogites, and 
blueschists (e.g., Coleman and Lanphere 1971). The geo-
logic relationship between blocks of different metamorphic 
grade has remained enigmatic, but Lu–Hf ages from garnet 
suggest that amphibolites record the oldest ages ( ∼169–163 
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geologic map is modified from Cooper et al. (2011), and detailed geo-
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Ma), and eclogites ( ∼158 Ma) and blueschists ( ∼147 Ma) 
record younger ages (Anczkiewicz et al. 2004; Cooper et al. 
2011). The observation that the ages correlate with different 
metamorphic facies has been interpreted to reflect progres-
sive cooling of the western North America subduction zone 
through time such that the eclogites and blueschists represent 
original amphibolites brought to lower temperature–higher 
pressure conditions along a counter-clockwise P–T path, or 
that eclogites and blueschists are separate crustal slices that 
formed after amphibolites (e.g., Oh and Liou 1990; Waka-
bayashi 1992; Krogh et al. 1994; Anczkiewicz et al. 2004; 
Tsujimori et al. 2006). By contrast, recent U–Pb zircon ages 
from a single sample have been interpreted to record eclogite 
facies conditions at ∼176 Ma, and amphibolite facies condi-
tions at ∼160 Ma (Mulcahy et al. 2018). Hence it is possible 
that different blocks from the Franciscan followed different 
P–T paths (clockwise vs counter-clockwise loops, Mulcahy 
et al. 2018).

Estimates of P–T conditions of eclogite HP–LT blocks 
(northern Franciscan) are highly variable, and vary within a 
single locality and between localities. Massonne (1995) used 
garnet–omphacite–phengite thermobarometry to estimate 

maximum conditions of ∼3.1 GPa and 563 ◦ C from garnet 
cores and mantles from the Junction School eclogite, and ∼
2.6 GPa and 640 ◦ C from garnet rims from Ring Mountain 
(Fig. 1). Max P estimates from Massonne (1995) (Junction 
School) are within the coesite stability field; but coesite has 
not been found in rocks from the Franciscan Complex. Other 
studies have estimated lower maximum eclogite pressures 
(i.e., Ernst 1988; Wakabayashi 1990; Krogh et al. 1994; Tsu-
jimori et al. 2006; Page et al. 2007; Cooper et al. 2011), that 
widely range from up to ∼1.3 GPa (Jenner Beach, Cooper 
et al. 2011) up to ∼2.6 GPa (Ring Mountain garnet rims, 
Tsujimori et al. 2006). We note that some studies (e.g., 
Wakabayashi 1990) constrain pressures based on the jade-
ite content of omphacite, and may reflect minimum pres-
sures that can be consistent with higher pressure estimates. 
The pressure estimate by Cooper et al. (2011) is based on 
the presence of albite in equilibrium with omphacite, and 
is a maximum pressure. Maximum temperature conditions 
exhibit a narrower range, from ∼520 ◦ C (Page et al. 2007) to 
640 ◦ C (Wakabayashi 1990; Massonne 1995).

The southern Franciscan exposed on Santa Catalina 
Island consists of several tectonic slices (metabasites, 

Fig. 2   (a) Geologic map of 
Santa Catalina island. (b) 
Simplified cross section of 
the Catalina Schist based on 
Platt (1975). Tectonic blocks 
are mainly amphibolite facies 
garnet hornblendites, with 
some eclogites. Sample PG10 is 
inferred to have been a tectonic 
block along the blueschist–
greenschist thrust, but was 
found as a float block below 
the thrust. Basemap is from the 
USGS 3D Elevation Program; 
figure is modified from Harvey 
et al. (2021b)
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ultramafics, and metasediments) of different metamorphic 
grades, including lawsonite blueschist, epidote blueschist, 
albite–epidote amphibolite, and amphibolite facies rocks. 
These slices appear in a systematic structural sequence, with 
the oldest, hottest rocks at the top, and the youngest, coldest 
rocks at the bottom. The highest grade rocks at the top of 
the structural sequence are associated with ultramafic rocks, 
including a serpentinite-matrix melange with tectonic blocks 
of high-grade rocks. Partly amphibolitized eclogite occurs 
in the serpentinite-matrix melange, and as tectonic blocks 
along the thrust contact between the higher grade rocks and 
the underlying lawsonite blueschists. The high-grade rocks 
on Catalina have been interpreted to record a transition to 
a warmer geothermal gradient (Platt 1976), in support of 
timing constraints that suggest these rocks have a distinctly 
different history relative to the northern Franciscan Complex 
(e.g., Grove and Bebout 1995; Anczkiewicz et al. 2004). In 
contrast to data from northern California, high-grade rocks 
on Santa Catalina Island have yielded a garnet Lu–Hf age of 
114.5 ± 0.8 Ma (Anczkiewicz et al. 2004), a mean Sm-Nd 
age of garnets from amphibolite facies blocks of 111.2 ± 1.1 
Ma (Harvey et al. 2021b), U-Pb isochrons (titanite-garnet-
hornblende-clinopyroxene) of 112 and 114 Ma (Mattinson 
1986), and a U–Pb zircon age of 115.1 ± 2.5 Ma (Page et al. 
2019). These ages may indicate younger subduction initia-
tion in southern California, or underthrusting of the accre-
tionary complex beneath the former magmatic arc (Grove 
et al. 2008).

Maximum P conditions from blueschists and amphibo-
lites are estimated to be in the range ∼0.8–1.6 GPa (Sorensen 
and Barton 1987; Grove and Bebout 1995; Penniston-Dor-
land et al. 2018; Harvey et al. 2021a), but no previous P 
constraints exist for any eclogites from Catalina. Sorensen 
and Barton (1987) estimated P–T conditions from migma-
tite blocks within the serpentinite-matrix melange, to be ∼
0.8–1.1 GPa and ∼640–750 ◦ C. Grove and Bebout (1995) 
used schematic stability fields to constrain peak P conditions 
within amphibolite facies rocks of ∼1.2 GPa and ∼700 ◦ C. 
Penniston-Dorland et al. (2018) and Harvey et al. (2021a) 
used zirconium-in-rutile thermometry and quartz-in-garnet 
barometry to estimate peak conditions of ∼1.6 GPa and ∼
575 ◦ C from a blueschist facies block and ∼1.4 GPa and ∼
650–745 ◦ C from amphibolite facies blocks; however, the 
determined temperatures for the blueschist block are above 
those of typical blueschist facies conditions.

The goal of this work is to compare formation pressures 
of eclogites constrained from qtz-in-grt barometry, with 
previous pressure constraints from the Franciscan Com-
plex. The large variation of reported formation pressures of 
eclogites (northern Franciscan) from previous studies may 
indicate (1) that eclogite blocks are sourced from different 
depths, or (2) that different thermobarometry techniques 
and calibrations have resulted in the reported variations 

in pressure. Our approach is to examine mean and peak 
pressure variations between eclogite blocks from the same 
and different localities using a single technique (qtz-in-grt 
barometry). The results allow us to place new constraints on 
formation pressures of eclogites from the Franciscan Com-
plex, and to evaluate whether the eclogite blocks have been 
sourced from a range of different subduction depths ver-
sus a single source depth, with implications for the eclogite 
entrainment process.

Sample localities and descriptions

We focus on eclogite blocks that are found within the Cen-
tral belt of the northern Franciscan (Junction School, Ring 
Mountain, and Jenner Beach), and a single eclogite from 
Catalina Island. The sample localities, primary mineralogy, 
and previous age constraints for these rocks are given in 
Table 1. Thin section scans of all samples are provided in 
the Supplementary Material.

The Junction School locality preserves isolated high-
grade blocks interpreted to be embedded in a serpentinite 
or low-grade greywacke matrix (Page et al. 2007). Sample 
PG26B was collected from the largest block, located 5 km 
SW of Healdsburg, California, near Mill Creek Road, on pri-
vate property. The eclogite is primarily composed of clino-
pyroxene + garnet + rutile, but exhibits strong blueschist 
facies retrogression as indicated by late-stage glaucophane, 
white mica, and chlorite growth within and adjacent to a 
deformed vein, and late-stage overgrowths of titanite on 
rutile. Contact relationships with the surrounding rocks are 
not preserved.

The Ring Mountain locality on the Tiburon peninsula 
preserves a large number of separated high-grade blocks 
(garnet hornblendites and eclogites, with a blueschist facies 
overprint) up to several tens of meters in diameter, inter-
preted to be embedded in serpentinite, low-grade greywacke, 
and shale (e.g., Wakabayashi 1990, 1992; Tsujimori et al. 
2006; Errico et al. 2013). Sample PG22A is from nearby the 
block named TIBB by Wakabayashi (1990). Wakabayashi 
(1992) refers to these rocks as the Tiburon melange, which 
forms the structurally highest thrust sheet in the Franciscan, 
lying directly beneath the Coast Range ophiolite (Fig. 1d). 
Sample PG22A is from a prominent block of nearly pristine 
eclogites ∼400 m north of the block named TIBB by Waka-
bayashi (1990). TIBB is a garnet hornblendite, with layers 
and patches of eclogite, and a variable blueschist facies over-
print. The timing relationship between eclogite and garnet 
hornblendite metamorphism is debated: Wakabayashi (1992) 
inferred that the eclogite facies metamorphism occurred 
later, whereas Tsujimori et al. (2006) considered the two 
assemblages to have formed coevally. Samples from the 
TIBB block were dated by Anczkiewicz et al. (2004) and 
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Rutte et al. (2020), and thermobarometric estimates were 
obtained by Tsujimori et al. (2006) and Cooper et al. (2011). 
Garnet from the garnet hornblendite gave a Lu-Hf age of 
153.4 ± 0.8 Ma (Anczkiewicz et al. 2004), hornblende gave 
an Ar-Ar age of 159.19 ± 0.81 Ma (Rutte et al. 2020), and 
U-Pb ages from zircon cores and rims suggest crystallization 
over the period of 166–157 Ma (Rutte et al. 2020). Sample 
PG22A is primarily composed of clinopyroxene + garnet + 
rutile, but exhibits variable degrees of retrogression as indi-
cated by glaucophane replacement of clinopyroxene, garnet 
chloritization, and late-stage white mica and titanite growth. 
The serpentinite matrix surrounding these blocks is locally 
exposed, and has a fragmental character consistent with a 
detrital origin (Wakabayashi 2012).

The Jenner beach locality consists of a large num-
ber of loose blocks of glaucophane-bearing eclogite and 

garnet-glaucophane schist at the base of the cliff. These 
are thought to have been derived from one or more blocks 
several hundreds of meters in extent embedded in serpent-
inite in the hillside above (Raymond 2017). The high-grade 
blocks often preserve actinolite rinds. Five eclogites from 
four different eclogite blocks were analyzed. Two samples 
(JEN11-2B and JEN11-2D) come from the same eclogite 
block. Two eclogites from this outcrop are near pristine, and 
are primarily composed of clinopyroxene + garnet (PG31B, 
JEN11-2B). Sample JEN11-2B shows variable degrees of 
retrogression recorded by glaucophane + chlorite replace-
ment of clinopyroxene and garnet, respectively. Three eclog-
ites (JEN11-1C, JEN11-3C, JEN11-2D) preserve significant 
volumetric proportions of epidote, and exhibit variable 
degrees of retrogression that is evidenced by glaucophane 
replacement of clinopyroxene and chloritization of garnet. 

Table 1   Sample localities, primary mineralogy, pressures, and age constraints of eclogites

1 Mineral abbreviations follow Whitney and Evans (2010)
2 For P

trap
 values without an error, only one inclusion was analyzed (n = 1) and P

trap
 values do not represent a mean. All data is available in Sup-

plementary Table S5
3,4,5 Mean pressures from inclusions within garnet cores3 , inner rims4 and outer rims5 , and standard deviations (± 2 � ). T

trap
 = 500 ◦ C for north-

ern Franciscan analyses. T
trap

 = 650 ◦ C for Catalina analyses
6 Age from Anczkiewicz et al. (2004), 2 � error is reported. The reference Catalina age comes from a different hornblende eclogite sample
7 Age from a garnet amphibolite nearby (TIBB, Wakabayashi 1990)
8 Age from Catlos and Sorensen (2003)
9 Age from Nelson (1991)
10 PG10 eclogite age (this study)

Sample name Location Latitude Longitude Sample Miner-
alogy1

Core: P
trap

 
(GPa)2,3

Inner Rim: P
trap

 
(GPa)2,4

Outer Rim: 
P
trap

 (GPa)2,5
Age Constraints 
(Ma)

PG26B Junction School 38.5950 −122.8972 cpx + grt + rt 
± ttn ± gln ± 
wm ± chl

1.60 ± 0.20 – 1.81 ± 0.04 –

PG22A Ring Mountain 37.9117 −122.4850 cpx + grt ± rt 
± ttn ± gln ± 
wm ± chl

1.67 ± 0.18 1.62 ± 0.21 – Lu-Hf: 153.4 ± 
0.86,7 ; Ar-Ar: 
153 ± 2 8 ; 
Rb-Sr: 153 
± 1 9

PG31B Jenner 38.4544 −123.1341 cpx + grt + rt 
± ttn

1.60 ± 0.30 1.66 ± 0.08 – Lu-Hf: 157.9 ± 
0.76 ; Sm-Nd: 
178 ± 116

JEN11-2B Jenner 38.4530 −123.1320 cpx + grt ± gln 
± chl

1.50 ± 0.07 1.68 ± 0.36 – –

JEN11-1C Jenner 38.4535 −123.1329 cpx + grt + ep 1.42 ± 0.20 1.76 1.39 –
JEN11-3C Jenner 38.4526 −123.1304 cpx + ep ± grt 

± gln ± chl
1.56 ± 0.17 1.57 ± 0.18 1.75 –

JEN11-2D Jenner 38.4530 −123.1320 cpx + ep + grt 
± gln ± chl

1.47 ± 0.11 1.44 – –

Averages northern Fran-
ciscan

1.56 ± 0.26 
(n = 67)

1.63 ± 0.26 
(n=22)

1.69 ± 0.41 
(n=4)

PG10 Catalina Island 33.3595 –118.4668 cpx + grt + ttn 
± rt ± hbl

1.27 ± 0.06 1.53 – Lu-Hf: 115.8 ± 
0.610 114.5 ± 
0.66 ; Sm-Nd: 
130 ± 436
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A Lu-Hf garnet age of 157.9 ± 0.7 Ma was obtained from 
sample PG31B by Anczkiewicz et al. (2004), and a garnet-
hornblendite from Jenner gave an inverse Ar isochron on 
hornblende of 158.1 ± 1.6 Ma (Rutte et al. 2020).

Eclogite on Santa Catalina Island is very rare—the main 
occurrences are layers and patches of garnet–clinopyroxenite 
within garnet hornblendite blocks (cm to ∼100 m) situated 
in zones of ultramafic melange. The clinopyroxene in these 
rocks is around 10–22 % jadeite + acmite, which is lower 
than in most eclogites, reflecting the low sodium content in 
these tectonic blocks (Sorensen and Barton 1987). Sample 
PG10 was found as a float block in Bullrush Canyon, on 
the south side of the island. The canyon exposes blueschist 
facies rocks, but the block was likely derived from a zone of 
mélange carrying high-grade blocks exposed in the walls of 
the canyon, which separates the lawsonite blueschist facies 
rocks from overlying albite–epidote amphibolite rocks along 
what Platt (1976) called the Blueschist-Greenschist thrust 
(Fig. 2b). This interpretation is supported both by similari-
ties in petrology to eclogitic layers in garnet hornblendite 
blocks within the melange, and the close similarity in radio-
metric age. PG10 is primarily composed of clinopyroxene 
+ garnet + titanite. The clinopyroxene is ∼ 10 % jadeite + 
acmite. Late-stage hornblende statically overgrows clinopy-
roxene + titanite grains, green-brown amphiboles are also 
found as inclusions in garnets.

Methods

Electron microprobe analyses and electron imaging

Electron probe X-ray mapping was carried-out at ETH 
Zürich using a JEOL JXA-8230 Electron Probe Microana-
lyzer (EPMA). Garnets were analyzed for Al, Ca, Mn, Fe, 
and Mg on TAP, PETJ, LIFL, LIFH, and TAPH crystals, 
respectively. Si was stoichiometrically calculated. Standardi-
zation was carried out using synthetic forsterite (Al, Ca), 
synthetic pyrolusite (Mn), synthetic fayalite (Fe), and syn-
thetic forsterite (Mg). A mean atomic number background 
correction was applied. All analyses used a 15 keV accel-
erating voltage. Beam current, dwell times, and step sizes 
varied between garnet analyses (Supplementary Table S1). 
Mole fractions of garnet end members were calculated with 
CalcImage (Probe for EPMA). EPMA X-ray maps were not 
collected for all garnets that were analyzed by using qtz-in-
barometry. We collected X-ray maps of one or two garnets 
from each analyzed section, and used these as representative 
X-ray maps that we link to zonation that is evident in Back 
Scattered Electron (BSE) images of other analyzed garnets. 
Fe and Mg zonation is evident in BSE images.

An electron backscatter diffraction (EBSD) map was col-
lected around quartz inclusions within a garnet (Garnet 1 of 

sample PG10 from Santa Catalina Island). The sample was 
polished by standard methods, and a final step of mechani-
cal–chemical polishing using an alkaline solution of colloi-
dal silica on a neoprene substrate was performed for 5 min-
utes. EBSD data were collected at ScopeM (ETH Zürich) 
on a FEI Quanta 200F FEG scanning electron microscope 
(SEM) with EDAX analytics. SEM parameters included 
a 20 kV accelerating voltage, 8 nA beam current, 17 mm 
working distance, and a 100 nm stepsize (under low-vacuum 
conditions).

Raman measurements and data reduction

Raman spectroscopy measurements were carried out at ETH 
Zürich using a DILOR LabRAM Raman system, with a 300 
mm focal length spectrometer. We used a 532 nm laser, an 
1800 grooves mm−1 grating, a 100x objective with a 0.9 
NA, a 200–400 � m confocal aperture, and a 200–300 � m 
slit width. A laser power of 2–7 mW was used at the sam-
ple surface. The diffraction grating was centered at ∼850 
cm−1 for all analyses. The spectrometer was calibrated with 
the Rayleigh scattered line of the laser and the 520.5 cm−1 
band of a Si wafer. The diffraction grating center position 
was fixed (never moved) during the session after the initial 
spectral calibration.

Raman spectroscopy measurements were conducted on 
∼ 80 μm and ∼ 150 μm petrographic thin sections. Meas-
ured quartz inclusions were a minimum of 3 times their 
radial distance from fractures, the garnet exterior, and other 
inclusions to avoid non-elastic stress modifications (Cam-
pomenosi et al. 2018; Zhong et al. 2020b), and no geomet-
ric corrections were applied (Mazzucchelli et al. 2018). All 
Raman spectra were reduced with a Bose–Einstein temper-
ature-dependent population factor (Kuzmany 2009). All 
Raman bands were fit by using PeakFit v4.12 from SYSTAT 
Software Inc. Voigt and Pearson IV functions were used to 
fit the quartz 128 cm−1 and 206 cm−1 , and 464 cm−1 bands, 
respectively; a Voigt function was used to fit garnet bands. 
Raman bands of quartz and garnet were fit simultaneously, 
and a linear background subtraction was applied during peak 
fitting.

Inclusion and entrapment pressure calculations

Encapsulated inclusions preserve strain that causes the 
peak position of their Raman active vibrational modes to be 
shifted to higher or lower wavenumbers relative to minerals 
that are unstrained (fully exposed, Fig. 3). We calculated the 
Raman shift(s) of inclusions ( �

inc
 ) relative to Raman shift(s) 

of a strain-free (never an inclusion), gem quality Herkimer 
quartz standard ( �

ref
 ) at ambient temperature ( �� = �

inc

–�
ref

 ). Herkimer quartz was analyzed prior to and after 
quartz inclusion analyses, and a time-dependent linear drift 
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correction was applied to �
inc

 based on the drift shown by 
Herkimer quartz analyses that bracketed inclusion analyses. 
The mean drift between Herkimer quartz analyses was 0.26, 
0.40, and 0.26 cm−1 for the 128 cm−1 , 206 cm−1 , and 464 
cm−1 bands, respectively. Instrument uncertainty was deter-
mined by calculating the �� of repeat measurements on the 
same quartz inclusions on different days. Reproducibility of 
�� for the 128 cm−1 , 206 cm−1 , and 464 cm−1 quartz bands 
was 0.13 cm−1 , 0.31 cm−1 , and 0.02 cm−1 , respectively (Sup-
plementary Table S4).

We calculated residual inclusion pressures ( P
inc

 ) in two 
ways for comparison: (1) P

inc
 was calculated using pressure-

dependent Raman shift(s) (P-�� ) of the quartz 128 cm−1 , 
206 cm−1 , and 464 cm−1 bands, that were calibrated via 
hydrostatic diamond anvil cell experiments (Schmidt and 
Ziemann 2000). (2) P

inc
 was calculated via a mean stress 

[ P
inc

 = ( �
1
 + �

2
 + �

3
)/3], that was calculated from quartz 

strains ( �
1
 , �

2
 , and �

3
 ) that were determined from the �� of 

the 128 cm−1 , 206 cm−1 , and 464 cm−1 quartz bands using 
Strainman (Murri et al. 2018, 2019; Angel et al. 2019); 
a weighted fit was applied based on the �� error associ-
ated with each quartz Raman band. Calculated strains were 
converted to a mean stress using the relationship �i = c ij�j , 
where �i , c ij , and �j , are the stress, elastic moduli, and strain 
matrices, respectively. We used the �-quartz trigonal sym-
metry constraints of Nye (1985) and quartz elastic constants 

of Wang et al. (2015). The instrumental uncertainty was 
propagated with individual peak fit errors to calculate �� . 
�� errors and errors of coefficients in hydrostatic calibra-
tions were propagated to calculate P

inc
 errors (Supplemen-

tary Tables S4, S5).
Molar volume and elastic modeling calculations were 

carried-out using a MATLAB program (Solid Inclusion 
Calculator) described in Cisneros and Befus (2020); repro-
ducibility of calculations are validated against EoSFit-Pinc 
(Angel et al. 2017b) in Cisneros and Befus (2020). Molar 
volumes of almandine, spessartine, and pyrope, were cal-
culated using thermodynamic properties from Holland and 
Powell (2011). Grossular molar volumes were calculated 
using the Milani et al. (2017) thermodynamic properties. 
Quartz molar volumes were calculated by using the curved-
boundary approach and thermodynamic properties from 
Angel et al. (2017a). Shear moduli for garnet end-members 
were derived from the following references: almandine 
and pyrope (Wang and Ji 2001), spessartine (Bass 1995), 
and grossular (Isaak et al. 1992). Entrapment pressures 
( P

trap
 ) were calculated using the non-linear elastic model of 

Guiraud and Powell (2006), with an updated solution given 
in Angel et al. (2017b); however, we note that the Guiraud 
and Powell (2006) and Angel et al. (2017b) elastic models 
only differ in their strain definition, and produce P

trap
 dif-

ferences that vary by ≤ 0.1 % (Zhong et al. 2020a). All ther-
modynamic properties and associated EoS’ that were used 
for molar volume calculations are given in Supplementary 
Table S2.

We used a constant garnet composition for all P
trap

 cal-
culations, that closely approximates the mean composition 
of analyzed garnets (Supplementary Table S5, X 

almandine
 = 

0.6; X 
grossular

 = 0.3; X 
pyrope

 = 0.07; X 
spessartine

 = 0.03). To 
account for garnet compositions, we implemented linear 
mixing of molar volumes and shear moduli (at modelled P 
and T conditions); the Solid Inclusion Calculator program 
permits linear mixing of mineral end members to account 
for solid-solutions. Almandine-pyrope garnet solid solutions 
exhibit ideal molar volume behavior (Milani et al. 2015). 
Almandine-grossular garnet solid solutions exhibit slight 
non-ideal molar volume behavior (Cressey et al. 1978), and 
pyrope-grossular solid solutions exhibit greater non-ideal 
behavior (Geiger 2000), thus our linear approximation may 
introduce additional errors in our final P

trap
 calculations. 

However, the difference in molar volume between pure gar-
net end-members far exceeds the difference between ideal 
and non-ideal molar volume estimations, and not account-
ing for mixing introduces greater uncertainties. Nonetheless, 
most garnets in this study are primarily almandine garnets 
( ∼ 60 %), and accounting for solid-solutions changes the final 
the P

trap
 by < 0.1 GPa (Supplementary Table S5).

To calculate P
trap

 , we assumed entrapment tempera-
tures ( T

trap
 ) of 500 ◦ C (Northern Franciscan) and 650 ◦ C 

100 200 300 400 500 600 700

In
te
ns

ity

ω (cm-1)

inclusion 1

PG26B Garnet 2 PG10 Garnet 1

inclusion 4

206 cm-1128 cm-1

464 cm-1

Herkimer quartz

PG10 Garnet 1
Inclusion 4
(Catalina)

PG26B Garnet 2
Inclusion 1

(Junction School)

10 μm 10 μm

Fig. 3   Raman spectra of unstrained quartz (herkimer quartz), and 
strained quartz inclusions within garnets from Catalina and Junction 
School. Black circles are the raw spectra, red lines are the peaks used 
for fitting the spectra, and blue lines are the resultant fit to the spectra
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(Catalina) for all inclusions from different garnet zones. The 
T
trap

 (500 ◦ C) of Northern Franciscan eclogites is based on 
estimated garnet growth temperatures (at max P) from pre-
vious studies (Wakabayashi 1992; Krogh et al. 1994; Mas-
sonne 1995; Ravna and Terry 2004; Page et al. 2007; Cooper 
et al. 2011); previous studies show a large range of garnet 
growth pressures, but a more restricted temperature range. 
The assumed T

trap
 (650 ◦ C) for the Catalina eclogite is also 

based on garnet growth temperatures from previous studies 
(Harvey et al. 2021a). T

trap
 has a minimal influence on P

trap
 

( ∼0.1 GPa 100 ◦C−1 , e.g., Cisneros and Befus 2020); the 
assumed T

trap
 does not sufficiently change P

trap
 to influence 

our interpretations; however, as quartz approaches the alpha-
beta transition at higher temperatures, P

trap
 becomes more 

sensitive to changes in T
trap

.

Lu–Hf dating

Lu–Hf dating was carried out on eclogite PG10 from Santa 
Catalina Island. Sample preparation, sulphuric acid leaching, 
sample digestion, and analytical procedures follow Anczk-
iewicz et al. (2004), and were carried out at the Department 
of Geology, Royal Holloway University of London. Min-
eral separates included two garnet fractions and clinopy-
roxene. Age calculations were carried out using Isoplot v. 
4.15 (Ludwig 2001) and were cross-checked with IsoplotR 
(Vermeesch 2018). Additional information on PG10 gar-
net chemistry is provided in Supplementary Table S6 and 
Supplementary Figure S1, and Lu–Hf data are provided in 
Table 2.

Results

Garnet chemical zonation

Garnet X-ray maps were collected for 1–2 garnets from 
each eclogite sample. The oxide sums (wt %) from garnet 
X-ray maps total 100–102 %. X-ray intensity maps suggest 
that sharp chemical transitions occur in garnets, and they 
exhibit up to three distinct zones (i.e., core, inner rim, and 

outer rim). For garnets without x-ray maps, we used BSE 
images to evaluate their chemical zonations. Zoning evident 
in BSE images closely correlates with mole fraction alman-
dine (X

alm
 , Fe); higher Z regions (brighter) correspond to 

higher X 
alm

 . We used BSE images to spatially identify where 
sharp X 

alm
 changes occur, and to assign inclusions to spe-

cific garnet zones. When three distinct zones were evident, 
quartz inclusions were assigned to the appropriate garnet 
zone (core, inner rim, or outer rim). When only two distinct 
zones were evident, quartz inclusions were assigned to a 
garnet core or rim.

Junction School

PG26B (core and rim): Garnets from Junction School pre-
serve an inclusion-rich core and inclusion-poor rim in plane 
light (Supplementary Fig. S1). X-ray maps reveal two dis-
tinct garnet zones (core and rim); chemical changes correlate 
well with inclusion-rich and -poor regions. Mole fraction 
spessartine (X

sps
 , Mn) and pyrope (X

prp
 , Mg) gradually 

decrease and increase from core-to-rim, respectively. X 
alm

 
and mole fraction grossular (X

grs
 , Ca) are nearly constant 

within the garnet core (Fig. 4). A decrease in X 
alm

 and 
increase in X 

prp
 marks the garnet core-rim boundary. Gar-

net zoning evident in BSE images closely tracks X 
alm

 and 
X 

prp
 zoning.

Ring Mountain

PG22A (core, inner rim, and outer rim): Garnets from Ring 
Mountain preserve inclusion-rich and -poor cores and rims, 
respectively (Supplementary Fig. S1). X-ray maps and BSE 
images reveal three distinct garnet zones (core, inner rim, 
and outer rim); chemical changes correlate well with inclu-
sion-rich and -poor areas. Garnets show decreasing X 

sps
 , 

constant X 
grs

 and X 
prp

 , and increasing X 
alm

 from core-to-
inner rim (Fig. 4). X 

sps
 and X 

grs
 decrease, and X 

prp
 and X 

alm
 

increase at the core-inner rim boundary. The inner-outer rim 
boundary is marked by a sharp increase in X 

sps
 and X 

prp
 , 

and decrease in X 
alm

 . Garnet zoning evident in BSE images 
closely tracks X 

alm
 and inverse X 

prp
 zoning.

Table 2   Lu–Hf data of eclogite 
PG10 (Santa Catalina Island)

Isotope ratio uncertainties are standard errors (± 2 � ), and relate to the last significant digits
176 Lu / 177 Hf errors are 0.5 % . JMC475 yielded 0.282172 ± 13 (n = 4) during the analytical session
Mass bias correction to 179 Lu / 177 Hf = 0.7325
Decay constant used for age calculation �176Lu = 1.865 × 10−11 yr−1 (Scherer et al. 2001)
Age calculations using Isoplot v. 4.15 (Ludwig 2001). Age uncertainty at ± 95 % confidence level

Label Weight (g) Lu (ppm) Hf (ppm) 176 Lu / 177Hf 176 Hf / 177Hf ± 2 � Age (Ma)

Cpx 0.0572 0.005 0.434 0.0018 0.283114 0.000008 115.8 ± 0.6
Grt A 0.0566 1.249 0.078 2.2556 0.287979 0.000028 –
Grt B 0.0763 1.258 0.101 1.7715 0.286955 0.000019 –
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Jenner: epidote‑free eclogites

Garnets from epidote-free eclogites preserve an inclusion-
rich core and inclusion-poor rim (Supplementary Fig. S1). 
X-ray intensity maps reveal more complicated zonation that 
transitions from gradual element zonation near the garnet 
core, to sharper and sometimes oscillatory zonation near the 
garnet rim; however, inclusion-rich and -poor regions corre-
late well with chemical transitions seen in x-ray maps. Fur-
thermore, variations in absolute elemental abundances and 
zoning patterns exist between garnets from different eclog-
ite blocks (Supplementary Fig. S1). Garnets in epidote-free 
eclogites exhibit three distinct zones in x-ray maps (core, 
inner rim, and outer rim).

PG31B (core, inner rim, and outer rim): Garnet 4 shows 
a continuous decrease in X 

sps
 and X 

grs
 , and increase in X 

alm
 

and X 
prp

 from core-to-inner rim (Fig. 5, Supplementary Fig. 
S1). Sharp increases in X 

sps
 and X 

prp
 mark the garnet inner 

rim. The garnet inner rim exhibits sharp chemical oscillation 
of all elements. The inner-to-outer rim transition of garnet 
4 exhibits a sharp increase in X 

sps
 and X 

grs
 . Zoning in BSE 

images closely tracks X 
alm

 zonation.
JEN11-2B (core, inner rim, and outer rim): Garnets 1 and 

6 exhibit minimal compositional change from core-to-inner 

rim; however, X 
sps

 exhibits a gradual decrease from core-
to-inner rim (Fig. 5, Supplementary Fig. S1). An increase 
in X 

grs
 and X 

sps
 , and a decrease in X 

alm
 and X 

prp
 marks the 

core-to-inner rim transition. The inner–outer rim boundary 
exhibits a sharp increase in X 

sps
 and X 

prp
 (decrease in X 

grs
 

and X 
alm

 ). Zoning in BSE images closely tracks X 
alm

 zona-
tion; however, the inner–outer rim boundary is not clear in 
BSE images nor x-ray maps (X

alm
 zonation).

Jenner: epidote‑bearing eclogites

Garnets from epidote-bearing eclogites (Jenner beach) 
preserve an inclusion-rich core and an inclusion-poor rim 
(Supplementary Fig. S1). Different garnets from separate 
eclogite blocks exhibit similar absolute element abundances 
and zoning patterns.

JEN11-1C (core, inner rim, and outer rim): Garnet 1 
exhibits decreasing X 

sps
 and X 

grs
 and increasing X 

alm
 and 

X 
prp

 from core-to-inner rim (Fig. 5, Supplementary Fig. S1). 
A decrease in X 

alm
 and increase in X 

grs
 marks the core-inner 

rim transition. A sharp decrease in X 
alm

 and increase in X 
grs

 
marks the inner-outer rim transition. The core, inner rim, and 
outer rim transitions are evident in BSE images. Zoning in 
BSE images closely tracks X 

alm
 zonation.
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Fig. 4   X-ray maps of garnets from a Junction School (PG26B) and 
Ring Mountain (PG22A) eclogite. Pixels that are within the imposed 
end-member concentration range are colored. Blue and white dashed 
lines indicate the core–inner rim and outer rim–inner rim boundaries, 

respectively. Garnets from PG26B only contained a core-rim bound-
ary (white dashed line). Circles (core) and squares (inner rim) indi-
cate the location of measured quartz inclusions, and P

inc
 data is given 

in MPa
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JEN11-3C (core, inner rim, and outer rim): Garnet 2 
shows decreasing X 

grs
 and X 

sps
 , and increasing X 

alm
 and 

X 
prp

 from core-to-inner rim (Fig. 5, Supplementary Fig. S1). 
X 

alm
 , X 

grs
 , X 

prp
 and X 

sps
 are nearly constant across the gar-

net inner rim. A sharp decrease in X 
alm

 and increase in X 
prp

 
marks the garnet inner–outer rim boundary. Garnet zoning 
evident in BSE images closely tracks X 

alm
.

JEN11-2D (core, inner rim, and outer rim): Garnet 1 
shows a similar zonation pattern as that seen in Garnet 2 
from JEN11-3C (Fig. 5, Supplementary Fig. S1). Garnet 
zoning in BSE images closely tracks X 

alm
.

Catalina

PG10 (core, inner rim, and outer rim): Garnets preserve an 
inclusion-rich core and inclusion-poor rim (Supplementary 
Fig. S1). X 

sps
 and X 

grs
 decrease, X 

prp
 increases, and X 

alm
 is 

nearly constant from the core-to-inner rim (Fig. 6). A sharp 
increase in X 

prp
 and decrease in X 

alm
 marks the core-inner 

rim boundary. Garnet rims exhibit an decrease and increase 
in X 

alm
 and X 

grs
 , respectively. Garnet 1 and 2 exhibit textural 

evidence of inner rim resorption, and growth of a new gar-
net outer rim. Garnet zoning evident in BSE images closely 
tracks X 

alm
 zoning.

Quartz‑in‑garnet barometry pressures

Herein, we report inclusion pressures ( P
inc

 ) calculated by 
accounting for quartz anisotropy at ambient temperature 
(strains); P

inc
 values calculated from hydrostatic calibra-

tions (quartz 128, 206 and 464 cm−1 bands) are given in 
Supplementary Table S5. P

inc
 calculated from strains and 

hydrostatic calibrations results in different values (Fig. 7); 
however, P

inc
 calculated from strains and the quartz 464 

cm−1 band generally results in a P
trap

 that differs by ≤ 0.1 
GPa (Supplementary Table S5). Pressures calculated from 
strains generally result in the highest P

inc
 values (Fig. 7). 

There are disagreements regarding the methodology that 
produces the most accurate residual P

inc
 : hydrostatic cali-

brations versus strains determined from a Grüneisen ten-
sor (mean stress). Thomas and Spear (2018) tested if P

inc
 

calculated from hydrostatic calibrations and a 1-D iso-
tropic elastic model (Guiraud and Powell 2006), reproduce 
known experimental conditions of garnet growth (0.8–3.0 
GPa). The authors found that the hydrostatic calibrations 
(464 cm−1 band) and 1-D isotropic elastic model reproduce 
experimental conditions of garnet growth by ± 0.1–0.2 
GPa. Bonazzi et al. (2019) measured quartz-inclusions-in-
garnet from the same experiments (2.5 and 3.0 GPa), and 
compared P

inc
 calculated using hydrostatic calibrations and 

a mean stress (calculated from three strain components). 
The mean stress and a 1-D isotropic elastic model (Angel 
et al. 2017b) were used to calculate P

trap
 ; however, we 

note that the Guiraud and Powell (2006) and Angel et al. 
(2017b) elastic models only differ in their strain definition, 
and produce P

trap
 differences that vary by ≤ 0.1 % (Zhong 

et al. 2020a). Bonazzi et al. (2019) found that for 2.5 GPa 
experiments, hydrostatic calibrations and the mean stress 
(and a 1-D isotropic elastic model) reproduce experimental 
conditions by ± 0.1–0.2 GPa. However, for the 3.0 GPa 
experiments, only the mean stress and 1-D isotropic model 
reproduces experimental conditions by ± 0.1–0.2 GPa. 
Therefore, we report P

inc
 calculated from strains (mean 

stress), but note that a comparison of P
inc

 calculated by 

epidote-free epidote-bearing
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are within the imposed end-member concentration range are colored. 
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garnet 1 (JEN11-1C) contained suitable quartz inclusions in the outer 
rim
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using both approaches may be warranted for lower pres-
sure experiments.

We used chemical zoning (X-ray maps) and BSE images 
to sort inclusions into three groups (core, inner rim and outer 
rim), depending on the location of measured inclusions rela-
tive to chemical zonation. All garnets preserve a core and 
rim; seven eclogites have garnets that exhibit clear inner 
rims (Figs. 4, 5, 6; Supplementary Fig. S1). In some sam-
ples, inclusions within garnet cores, inner rim, and outer 
rims show systematic differences in P

inc
 and subsequent 

P
trap

 (Fig. 4, 5, 6,7, 8). Generally, the absolute mean P
inc

 
(and subsequent P

trap
 ) calculated from garnet inner rims and 

outer rims is greater than P
inc

 calculated from garnet cores 
(Figs. 4, 5, 6, 8). Garnets from eclogite JEN11-1C (Jenner 
Beach), record a P

inc
 increase from core-to-inner rim, but 

decrease at the garnet outer rim. Catalina garnets also record 
differences in the absolute P

inc
 from different garnet zones 

(Figs. 6, 7, 8). Due to the close spacing of qtz-in-grt isome-
kes (large changes in P

inc
 cause small changes in P

trap
 ), P

inc
 

differences are further reduced in subsequent P
trap

 calcula-
tions (Cisneros and Befus 2020).
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Fig. 7   Comparison of P
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 calculated from hydrostatic calibrations 
(P128
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 , P 206
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 ) and from strains (Pstrains

inc

 ). (a) P 464
inc

 vs P 128
inc

 , (b) P 464
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vs P 206
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 , and (c) P 464
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inc

 . The 1:1 line is dashed (hydrostatic 
stress). P strains

inc

 is generally greater than P 464
inc

 . Quartz inclusions from 
the Catalina eclogite (PG10) record lower P

inc
 values relative to 

northern Franciscan eclogites
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To better compare the P
inc

 and P
trap

 between different 
eclogites, we compare the mean P

inc
 (and subsequent P

trap
 ) 

and whisker plots of qtz-in-grt barometry results (Fig. 8). 
The mean P

inc
 and P

trap
 of samples was calculated from 

inclusions within individual garnet zones (i.e., core, inner 
rim and outer rim, Fig. 8). The garnet core mean P

inc
 and 

P
trap

 (northern Francsican eclogites) range from 594–731 
MPa and 1.42–1.67 GPa (Table 1; Figs. 7, 8). The core 
median and maximum P

inc
 and P

trap
 range from 584–743 

MPa and 1.40–1.69 GPa, and 662–818 MPa and 1.54–1.82 
GPa, respectively (Table 1; Fig. 7, 8). The garnet inner rim 
mean P

inc
 and P

trap
 (northern Francsican eclogites) range 

from 678–729 MPa and 1.57–1.66 GPa. Single inclusions 
within garnet inner rims record the highest (JEN11-1C) and 
lowest (JEN11-2D) P

inc
 and P

trap
 values (high: 783 MPa 

and 1.76 GPa; low: 605 MPa and 1.44 GPa). The inner rim 
median and maximum P

inc
 and P

trap
 range from 696–760 

MPa and 1.60–1.72 GPa, and 711–837 MPa and 1.63–1.87 
GPa, respectively; the single inclusion within a garnet inner 
rim (JEN11-2D) records the lowest maximum P

inc
 and P

trap
 

(605 MPa and 1.44 GPa). Inclusions within the garnet outer 
rim from sample PG26B (Junction School) record the high-
est mean P

inc
 and P

trap
 values (810 MPa and 1.81 GPa); a 

single inclusion from JEN11-1C (rim) records the lowest 
P
inc

 and P
trap

 values (574 MPa and 1.39 GPa). Whisker plots 
suggest that 3 northern Franciscan eclogites have inclusion 

analyses that are statistical outliers (max P
trap

 inclusions); 
however, no issues were observed with these specific inclu-
sions (e.g., close to other inclusions, close to surface or frac-
tures, anomalous grain shapes); therefore, the pressures cal-
culated from these inclusions were not discarded. The mean, 
median, and maximum P

inc
 and P

trap
 of the Catalina eclogite 

(garnet core) are 380 MPa, 375 MPa, and 419 MPa, and 
1.27 GPa, 1.26 GPa, and 1.33 GPa, respectively (Table 1; 
Fig. 7, 8). A single inclusion from a garnet inner rim records 
a P

inc
 and P

trap
 of 548 MPa and 1.53 GPa, respectively.

Epidote-free eclogites from the northern Franciscan 
record similar garnet core growth conditions (mean and 
median P

trap
 , Figs. 4, 5, 6, 8). The absolute mean and median 

P
trap

 (garnet core) of epidote-bearing eclogites tends to be 
lower, but the mean P

trap
 is within error (1� ) of the epidote-

free eclogites (Fig. 8). Garnet inner rim growth conditions 
are generally higher from epidote-free eclogites; however, an 
inclusion from sample JEN11-1C (epidote bearing) records a 
high garnet inner rim P

trap
 (n = 1) that exceeds that of most 

other epidote-free eclogites. In general, the mean, median, 
and max P

trap
 between epidote-free and epidote-bearing 

eclogites overlap. A notable exception is epidote-bearing 
sample JEN11-2D. Inclusions within the garnet core and 
inner rim record similar conditions as other eclogite sam-
ples, but the maximum P

trap
 , is statistically lower (2� errors 

do not overlap) than that of other samples.

Fig. 8   P
trap

 (calculated from 
P strains
inc

 ) values from northern 
Franciscan and Santa Catalina 
Island eclogites. (a) Whisker 
plots and (b) mean P

trap
 from 

inclusions in different garnet 
zones are shown for com-
parison. (a) If less than 3 quartz 
inclusions were measured 
within a garnet zone, no whisker 
plot was created; (b) if only one 
inclusion existed within a garnet 
zone (not a mean value), the 
analysis is indicated by n = 1. 
T
trap

 = 500 ◦ C for calculations 
from the northern Franciscan; 
T
trap

 = 650 ◦ C for calculations 
from Catalina. (b) Circles, 
squares, and stars, represent 
P
trap

 values calculated from 
inclusions in the garnet core, 
inner rim, and outer rim, respec-
tively. Dashed lines represent 
the mean P

trap
 for a northern 

Franciscan sub-population (e.g., 
mean P

trap
 from all inclusions in 

garnet core)
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Northern Franciscan and Catalina eclogites record differ-
ences in min and max P

inc
 and P

trap
 values. P

inc
 values from 

northern Franciscan eclogites range from 531 to 837 MPa; 
P
inc

 values from a Catalina eclogite range from 342 to 548 
MPa (Fig. 7, Table 1). The max P

inc
 from the garnet core is 

419 MPa (Catalina).

Lu–Hf age of eclogite PG10 (Santa Catalina Island)

We present a new Lu–Hf age based on a 3-point isochron 
(two garnet and clinopyroxene separates) from eclogite 
PG10 (Table 2, Fig. 9). This gives an age of garnet growth 
of 115.8 ± 0.6 Ma (MSWD = 1.13), which is within error of 
the garnet Lu-Hf age of 114.5 ± 0.8 Ma (Anczkiewicz et al. 
2004) from a garnet hornblendite layer in coherent migma-
titic gneiss in the high-grade unit on Catalina.

Discussion

Garnet zonation and pressures from northern 
Franciscan eclogites

Eclogites from the northern Franciscan generally preserve 
chemical zonation that defines a garnet core, inner rim, 
and outer rim; some garnets do not preserve a clear inner 
rim [PG26B (Junction School)]. The decrease in Mn and 
increase in Mg from core to inner rim/outer rim (observed in 
all garnets) is indicative of prograde garnet growth. Similar 
zoning has been described in garnets from Junction School 
(Page et al. 2007) and Ring Mountain eclogites (Tsujimori 
et al. 2006; Viete et al. 2018). A sharp Mn increase at garnet 
rims has been attributed to garnet resorption and re-growth 
(Page et al. 2007), and chemical oscillations have been 

attributed to pore-fluid pressure variations during seismic 
cycles (Viete et al. 2018). In most garnets from northern 
Franciscan eclogites, we observe minimal textural evidence 
for garnet resorption; however, this does not preclude garnet 
resorption in more retrogressed areas, and Mn redistribution 
to adjacent garnets. We interpret Mn decreases from core-
to-inner rim/outer rim to indicate that many garnets record 
a simple prograde (increasing temperature) growth history 
from core-to-rim, that can be attributed to increasing P and 
T during subduction, or underplating and attachment to the 
upper plate, wherein temperatures can increase but pressures 
are near isobaric (e.g., Yamato et al. 2007; Dragovic et al. 
2012; Penniston-Dorland et al. 2015).

Most samples show no systematic P
inc

 variations across 
garnets [i.e., mean P

inc
 values from different zones (± 1 � ) 

overlap], suggesting the garnets grew under near isobaric 
conditions; however, quartz inclusions within different gar-
net zones record small pressure differences in some sam-
ples (Fig. 4 - 6, 8). The constant P

inc
 from different garnet 

zones suggests that inclusions were entrapped on an elastic 
isomeke (constant P

inc
 line). If T

trap
 was constant between 

garnet zones, this would produce no changes in P
trap

 and 
would suggest rapid garnet growth. If T

trap
 did increase 

during garnet growth, P
trap

 would also increase ( ∼0.1 GPa 
100 ◦C−1 ). If T

trap
 significantly varies between initial garnet 

growth (e.g., 450 ◦ C) and late garnet growth (e.g., 600 ◦C), 
P
trap

 would increase by ∼0.15 GPa. In garnets in which P
inc

 
differences occur, pressures generally increase from garnet 
core-to-inner rim (or outer rim), and the average magnitude 
of this increase is ∼0.2–0.3 GPa ( P

trap
 ). Sample JEN11-1C 

(Jenner Beach) is the only sample to exhibit decreasing P
inc

 
at the garnet outer rim (associated with a sharp decrease in 
X 

alm
 ); however, only one suitable inclusion was found within 

the garnet inner rim. If garnet growth is interpreted to have 
occurred during subduction, the small pressure differences 
between garnet rims of 0.2–0.3 GPa would equate to rapid 
garnet growth over ∼0.2–2 m.y., assuming a subduction rate 
of 2–10 cm yr−1 , a slab dip of 15–25◦ (Dumitru 1991), and a 
30 MPa km−1 pressure gradient. Rapid garnet growth under 
near isobaric conditions has been recorded in other subduc-
tion zones (e.g., Hellenic arc: Dragovic et al. 2012, 2015), 
and may reflect growth under moderate convergence rates 
or pulses of growth associated with internally-derived fluid 
fluxes. The near-isobaric conditions recorded in the garnet 
could also support slower garnet growth if it occurred after 
the eclogites were underplated and attached to the warmer 
upper plate. Alternatively, isobaric garnet growth could rep-
resent overstepping of the garnet isograd (Wolfe and Spear 
2018; Spear et al. 2014; Spear and Wolfe 2020). The rea-
son for which some eclogites do or do not preserve garnet 
P
inc

 and P
trap

 zonations is unclear. This is possibly related 
to differences in eclogite bulk compositions and its effect 
on garnet nucleation and growth conditions. The difference 
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may also be related to the location of eclogite rocks after 
being subducted and underplated, wherein garnet in eclogite 
blocks initially grew garnet during subduction, but blocks 
that were juxtaposed with warm upper mantle initiated a 
second stage of protracted garnet growth.

Secondary effects can influence quartz-in-garnet barom-
etry, and potentially minimize pressure differences between 
different garnet zones. These include, for example: (1) inclu-
sion–host anisotropy (e.g., Murri et al. 2018; Angel et al. 
2019), (2) non-spherical inclusion shape effects (Mazzuc-
chelli et al. 2018), (3) relaxation (or compression) adjacent 
to fractures or the surface (e.g., Tait 1992; Zhang 1998), 
(4) tensile strain limits (Cisneros and Befus 2020), and 
(5) non-elastic viscous creep (e.g., Zhukov and Korsakov 
2015; Zhong et al. 2020b). Our interpretation is that none 
of these processes affect our qtz-in-grt barometry results for 
the following reasons: (1) accounting for quartz anisotropy 
generally changes the final P

trap
 by ≤ 0.1 GPa (relative to 

P
inc

 calculated from the 464 cm−1 band), and garnet should 
impose a minimal anisotropic effect, (2 and 3) inclusions 
were near spherical, and 3x the radial distance away from the 
host exterior, fractures, or other inclusions, 4) all inclusions 
exist under compression (thus strain limits are not relevant), 
and 5) the max T reached by eclogites from the northern 
Franciscan has been estimated to be ∼650 ◦ C (Massonne 
1995), though most studies suggest that max T is ≤ 600 ◦ C 
(Krogh et al. 1994; Ravna and Terry 2004; Tsujimori et al. 
2006; Page et al. 2007; Cooper et al. 2011; Viete et al. 2018). 
At T ≤ 650 ◦ C, garnet flow laws (Ji and Martignole 1994; 
Wang and Ji 1999) predict that viscous creep is negligible 
over geologic timescales (Zhong et al. 2018, 2020b). Vis-
cous relaxation may be more important for Catalina samples 
(max T ≥ 650 ◦C), and pressure variations at high tempera-
tures may instead be due to varying degrees of non-elastic 
relaxation (Zhong et al. 2018, 2020b; Moulas et al. 2020).

The qtz-in-grt barometer has closely spaced isomekes 
(constant P

inc
 lines). Small and large isomeke spacing pro-

duces small and large P
trap

 variations, respectively. Due to 
the closely-spaced isomekes of the qtz-in-grt barometer, P

inc
 

variations are reduced in subsequent P
trap

 calculations (% 
difference, Cisneros and Befus 2020). The similar mean, 
median, and max P

inc
 and P

trap
 of eclogites from different 

northern Franciscan localities suggests that they formed at 
similar depths (Figs. 4–8). A sampling bias of inclusions in 
specific garnet zones (e.g., inclusion-rich cores) skews our 
mean P

trap
 results; however, the similar max P

trap
 suggests 

that eclogites do preserve similar maximum P
trap

 values 
(depths). A notable exception is sample JEN11-2D (Jen-
ner Beach); the max P

trap
 is significantly lower than that 

recorded by other eclogites. The difference in P
trap

 may be 
due to this eclogite having reached shallower max depths, 
but we find it difficult to state this with certainty for three 
primary reasons: (1) this is an epidote-bearing eclogite, and 

the absolute P
trap

 values from epidote-bearing eclogites 
seem to suggest that these rocks initiate garnet growth at 
slightly different P conditions (max P

trap
 still similar, Fig. 8), 

(2) the garnet rim may capture max P conditions (similar to 
JEN11-3C, Fig. 8); however, no suitable quartz inclusions 
were found within the garnet rim, and (3) sample JEN11-2D 
is from the same eclogite block as JEN11-2B, and we find 
significantly different max P conditions from the same block, 
difficult to reconcile.

Garnet zonation and pressures from a Catalina 
eclogite

Garnets from Catalina record complex chemical zonation, 
and P

inc
 and P

trap
 differences between the core and inner rim 

(Fig. 6,8). We relate the decrease in Mn and increase in P
inc

 
from core-to-inner rim, to garnet growth during subduction. 
X-ray maps and BSE images reveal textural evidence for 
garnet resorption (PG10: Garnet 1 and 2), and formation of 
a new garnet outer rim that exhibits a sharp increase in X grs . 
We do not have qtz-in-grt barometry constraints for the pres-
sure conditions during outer rim growth (no suitable quartz 
inclusions). Nonetheless, our results differ from previous 
qtz-in-grt barometry results from Santa Catalina island that 
show no difference in P

inc
 from different garnet zones (Har-

vey et al. 2021a). However, their analyses were carried-out 
on amphibolites and blueschists (not eclogites), and are not 
accompanied by compositional information of garnets. The 
results from this study suggest that spatial information of 
garnet zoning may sometimes be needed to accurately inter-
pret qtz-in-grt barometry results. To date, we are not aware 
of any eclogite P–T data that exists from Santa Catalina 
island; however, our mean (core) and max (rim) P

trap
 results 

(1.27 and 1.53 GPa, Table 1), are in good agreement with 
previous P constraints on amphibolite facies rocks from Cat-
alina (Sorensen and Barton 1987; Sorensen 1988; Grove and 
Bebout 1995; Harvey et al. 2021a). At high temperatures, 
P
trap

 becomes more sensitive to T
trap

 ; assuming a T
trap

 of 750 
◦ C would result in mean (core) and max (rim) P

trap
 values of 

1.44 and 1.69 GPa, respectively. The max (rim) P
trap

 condi-
tions calculated at T

trap
 = 650 ◦ C (1.53 GPa) remain higher 

than the mean (core) P
trap

 results calculated at 750 ◦ C (1.44 
GPa), suggesting that the core and rim may record real dif-
ferences in growth conditions.

The maximum temperatures from previous studies (Cat-
alina: ∼650–750 ◦C), and the textural evidence of horn-
blende statically overprinting clinopyroxene (PG10, this 
study), suggests that rocks from Catalina reached high 
enough temperatures such that some intracyrstalline plas-
ticity in garnet is possible at geologic strain rates based on 
existing flow laws (Wang and Ji 1999), or thermally induced 
shape changes of quartz may affect qtz-in-grt barometry 
results (Cesare et al. 2021). We observe no macro-scale 
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textural evidence for dislocation activity in garnet (based on 
micrographs); and an EBSD map of Garnet 1 (PG10, Sup-
plementary Figure S2) shows no evidence for micro-scale 
intracrystalline plasticity adjacent to formerly pressurized 
inclusions where differential stresses between the inclusion 
and host are highest (Dabrowski et al. 2015; Zhong et al. 
2020b; Moulas et al. 2020). However, we cannot rule out 
that quartz underwent shape changes that are imposed by 
the host morphology (Cesare et al. 2021). The good agree-
ment between P

trap
 results from this study and previous P 

constraints also suggests that viscous creep of garnet and 
quartz shape changes were negligible. The following pos-
sibilities could explain the minimal evidence for intracrys-
talline plasticity: (1) garnet flow laws predict weakening of 
garnet at temperatures that are too low (Ji and Martignole 
1994; Wang and Ji 1999), or (2) the lack of viscous relaxa-
tion may indicate that exhumation (or cooling) of Franciscan 
eclogites occurred over a time interval much shorter than the 
Maxwell relaxation time of the garnet.

Comparison with previous eclogite P–T constraints

Qtz-in-grt barometry results from the northern Franciscan 
Complex reveal some differences recorded by different 
eclogites. Notably, the lack-of or presence of P

trap
 varia-

tions across garnets, that correspond to chemical zonation. 
The variation and trend (increase) of P

trap
 from garnet core-

to-inner rim (or outer rim) is in agreement with previous 
studies that suggest garnet cores record the lowest pressures, 
and garnet inner rims/outer rims record higher pressures 
(Massonne 1995; Tsujimori et al. 2006; Page et al. 2007). 
The P

trap
 decrease at the garnet rim of sample JEN11-1C 

(Jenner Beach), is in agreement with previous studies that 
documented retrograde garnet growth during decreasing P–T 
conditions (e.g., Massonne 1995; Page et al. 2007).

Eclogite P–T paths, mean, and max pressures vary widely 
between previous studies (northern Franciscan, Fig. 10). 
Absolute mean and max P

trap
 from this study ( ∼1.5–1.8 

GPa) best agree with the results of Page et al. (2007), Cooper 
et al. (2011), and Viete et al. (2018) (Fig. 10). Our results 
significantly disagree (> 0.5 GPa difference) with previous 
studies that suggest higher (Massonne 1995; Tsujimori et al. 
2006) or lower (Ernst 1988; Wakabayashi 1990) formation 
pressures of eclogites. Several possibilities can explain the 
disagreement between our results and those from previous 
studies.

Multiple studies have used garnet-white mica-pyroxene 
(grt-wm-px) thermobarometry to constrain formation con-
ditions of Franciscan eclogites (Massonne 1995; Tsujimori 
et al. 2006; Page et al. 2007), but resultant P–T conditions 
significantly differ (Fig. 8). Previous studies have used the 
Waters and Martin (1993) [Junction School: Page et al. 
(2007)], Ravna and Terry (2004) [Jenner Beach: Ravna and 

Terry (2004); Ring Mountain: Tsujimori et al. (2006); Junc-
tion School: Page et al. (2007)], and the Massonne (1995) 
[Ring Mountain, Junction School: Massonne (1995)] cali-
brations. Page et al. (2007) compared P–T conditions calcu-
lated using the Ravna and Terry (2004) and Waters and Mar-
tin (1993) grt-wm-px calibrations (Jenner Beach eclogites). 
P–T conditions calculated using the Ravna and Terry (2004) 
calibration are higher than those calculated using the Waters 
and Martin (1993) calibration with an empirical correction 
(Wain et al. 2000). The authors determined that calculations 
based on the Waters and Martin (1993) calibration best agree 
with independent mineral equilibria P–T constraints. P–T 
conditions calculated using the Massonne (1995) calibration 
exceed all other reference P–T conditions, and some results 
suggest that Junction School eclogites reached the coesite 
stability field; however, no coesite has been found in Fran-
ciscan eclogites (to the best of our knowledge).

Contrasting results from previous grt-wm-px thermo-
barometry can be attributed to four possible scenarios: (1) 
the use of different grt-wm-px calibrations, (2) inaccuracies 
associated with the underlying thermodynamic data of the 
grt-wm-px thermobarometer, (3) the use of minerals that do 
not record chemical equilibrium, or (4) true P–T heteroge-
neity between eclogites from different outcrops. Page et al. 
(2007) show how using different grt-wm-px calibrations 
for the same mineral chemistry, can drastically affect P–T 
results; however, the same grt-wm-px calibration (Ravna 
and Terry 2004) is used for eclogites from Ring Mountain 
and Jenner Beach, and different P–T results were obtained 
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(Tsujimori et al. 2006; Page et al. 2007), suggesting true P–T 
heterogeneity recorded by eclogites from different outcrops. 
The benefit of this study is that we use a single barometer for 
similar rock types (eclogites), and this barometer has a mini-
mal temperature (and compositional) dependence. Results 
from this study (similar P

trap
 conditions for eclogites from all 

outcrops), suggest that variations between grt-wm-px cali-
brations, or disequilibria associated with minerals (grt-wm-
px) analyzed for thermobarometry calculations, are what led 
to the drastically different P–T estimates in the published 
literature, rather than true P–T condition variations.

The mean and max P
trap

 determined from the Catalina 
eclogite is in good agreement with previous P–T constraints. 
Harvey et al. (2021a) used qtz-in-grt barometry and Zr-in-
rutile thermometry on blueschists and amphibolites from 
Catalina, and calculated P–T conditions between 1.16–1.65 
GPa and 580–735 ◦ C (no systematic core-rim variations). 
Other studies on rocks from the amphibolite facies units 
on Catalina document a wide P–T range between ∼0.8–1.2 
GPa and ∼640–750 ◦ C (Sorensen and Barton 1987; Grove 
and Bebout 1995; Penniston-Dorland et al. 2018). Qtz-in-
grt barometry results from rocks of different metamorphic 
facies indicate that rocks from Catalina reached similar peak 
pressures. Harvey et al. (2021a) found a pressure range of 
∼1.3–1.4 GPa from amphibolite facies blocks within the 
serpentinite-matrix melange and a larger pressure range 
for blocks from the epidote amphibolite facies ( ∼1.2–1.4 
GPa) and lawsonite-blueschist facies units ( ∼1.6 GPa). The 
authors interpret pressure differences to indicate mixing of 
blocks from different depths; but we note that minor differ-
ences in bulk compositions can affect garnet growth condi-
tions (e.g., epidote-bearing eclogites in this study). Given 
the pressure range documented from a single eclogite in 
this study (core-rim: ∼1.3–1.5 GPa) and pressure precision 
from quartz inclusions from different garnet zones ( ∼0.1–0.2 
GPa), we suggest that small pressure differences between 
different blocks from Catalina can be explained by minor 
differences in bulk composition, or incomplete characteri-
zation of inclusion pressures from different garnet zones.

Evolution of the Franciscan Complex 
and implications for exhumation models

Our results suggest that different eclogites from the northern 
Franciscan Complex record a similar pressure evolution and 
reached similar depths, and are in agreement with previous 
results that suggest the northern Franciscan Complex did not 
reach the coesite stability field. Furthermore, our results are 
consistent with the southern Franciscan Complex exposed 
on Santa Catalina island recording lower max P conditions. 
The most striking result of this study is the similar P

trap
 

recorded by different eclogites from the northern Franciscan 
Complex. Previous results on eclogites from the northern 

Franciscan (Fig. 10), suggested that different eclogite blocks 
reached significantly different depths.

Three primary models have been proposed to explain 
exhumation of high-grade blocks (e.g., eclogites) from 
the northern Franciscan, that exist within a lower pressure 
matrix (such as in the central belt): (1) high-grade blocks 
were exhumed along with coherent blueschists by under-
plating and extension in the rear of the accretionary wedge 
(Platt 1986). The blocks were then emplaced within a sedi-
mentary matrix by erosion and mass-wasting in the inner 
trench wall, and subsequently re-subducted to produce the 
present-day relationships (Platt 2015). (2) Return flow of 
subducted mud-matrix melange driven by the closure of 
the subduction channel at depth removed and exhumed the 
high-grade blocks from depth (i.e., Cloos 1982). (3) High-
grade blocks rise within a buoyant serpentinite matrix (e.g., 
Horodyskyj et al. 2009). A comparison of mean and max 
P
trap

 conditions from different eclogites, cannot differentiate 
between these models; but the results from this study (simi-
lar max and mean pressures), better support a model that 
does not incorporate sourcing of eclogite blocks from dif-
ferent depths. ‘Melange’-style mixing may be best recorded 
by the incorporation of blocks of different grades, within a 
shaley or ultramafic matrix; but our results are inconsistent 
with the idea that different eclogite blocks reached different 
depths, and instead suggest that pressure differences result 
from different grt-wm-px calibrations, or minerals chosen 
for thermobarometry. Previous studies from other field areas 
that employ quartz-in-garnet barometry have proposed simi-
lar geologic histories. Bayet et al. (2020) studied interlayered 
mafic and metapelite rocks across the Southern Tianshan 
metamorphic belt. The authors also found consistent peak 
pressures from quartz-in-garnet barometry (mean P ≈ 2.5 
GPa), and suggest that this supports coherent subduction and 
exhumation of a single coherent crustal section. Groß et al. 
(2020) found similar peak pressures ( ∼2.0 GPa) between 
metasediments from within the Modereck and Glockner 
nappes (central Tauern Window), and propose a model that 
involves crustal-scale sheath folding of different nappes near 
peak metamorphic conditions.

The P–T conditions estimated here ( ∼1.5–1.8 GPa, esti-
mated at T

trap
 = 500 ◦C), suggest that these are low-temper-

ature eclogites that formed in a thermal gradient of ∼8–11 
◦ C km−1 (assuming 30 MPa km−1 ), and the similar pres-
sures between eclogites and their recorded thermal gradient 
may have implications for the recovery process of HP–LT 
rocks from subduction zones. Agard et al. (2018) note that 
exhumed subduction zone rocks are commonly recovered 
from discrete depths between ∼25–33 km, ∼55–60 km, and 
∼ 80 km with punctuated recovery; but the compiled data is 
statistically dispersed between these depth ranges. Several 
models have been proposed for exhuming rocks from similar 
depths at ∼55–60 km.
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Exhumation of low-temperature blueschists and eclogites 
has been thought to occur coherently, wherein detachment 
and exhumation of coherent slices from the subducting plate 
is triggered due to the step-down of the plate interface that 
roots into décollement horizons and/or localizes along a ser-
pentinized crust/mantle boundary in the subducting plate 
(Vogt and Gerya 2014; Ruh et al. 2015; Agard et al. 2018; 
Tewksbury-Christle et al. 2021). Agard et al. (2016) propose 
that during subduction infancy, warm thermal gradients pro-
duce shallow detachment and underplating of subducting 
material due to small viscosity contrasts between subduct-
ing material and the serpentinized upper mantle (increased 
interplate coupling). Ruh et al. (2015) and Agard et al. 
(2018) propose that once steady-state thermal gradients are 
achieved, detachment of subducting crust requires a weak 
horizon, such as serpentinized mantle between subducting 
oceanic crust and mantle. Numerical models indicate that the 
detachment of slices occurs when the shear stresses in the 
subducting crust overcome the mechanical yield strength, 
and the dominant shear zone “steps-down” into upper man-
tle. The depth of detachment and underplating is strongly 
temperature dependent, wherein cooler thermal gradients 
(deeper serpentinite dehydration) produce deeper underplat-
ing, and hotter thermal gradients (shallower serpentinite 
dehydration) produce shallower underplating. Interest-
ingly, this may also be consistent with mafic rocks from the 
northern Franciscan Complex, where older rocks (amphi-
bolites, ∼169–163 Ma) record lower pressures (shallower 
underplating), and younger rocks (eclogites, ∼158–153 Ma) 
record higher pressures (deeper underplating) as the subduc-
tion zone matures and cools. At later times, sediments are 
underplated and exhumed, complicating this comparison due 
to the greater buoyancy of sediments. Rutte et al. (2020) 
propose a single exhumation event for high-grade blocks of 
the Franciscan Complex based on amphibolite and phengite 
Ar-Ar dating, perhaps consistent with a coherent underplat-
ing and exhumation model.

Buoyancy forces, and the strength and/or thickness of a 
basal shear zone (zone separating material that can be under-
plated and the subducting plate) can cause the detached 
material to be further subducted or underplated (Bialas 
et al. 2011). Eclogites from the northern Franciscan Com-
plex are commonly found in close proximity to serpentinites, 
a rock-type that can form a weak basal shear zone, and lead 
to detachment and return flow of coherent slices of mate-
rial. Previous studies from the Condrey Mountain show that 
strain localization within a weak serpentine basal shear zone, 
can lead to underplating/return flow (Tewksbury-Christle 
et al. 2021); however the buoyant return flow was driven 
by sediments. On the contrary, denser underplated eclogites 
would oppose return flow. At high enough temperatures, the 
viscosity reduction of eclogites attached to the downgoing 
plate could reduce the viscosity contrast between subducting 

rocks and the upper plate, such that it leads to increased 
interplate coupling and facilitates detachment and underplat-
ing of eclogites. Later subduction and underplating of lower 
density sediments beneath previously underplated oceanic 
material, could produce the final buoyancy-driven exhuma-
tion of the underplated oceanic material by coherently car-
rying the eclogites upward.

Conclusions

This work highlights the advantage of using qtz-in-grt 
barometry on a single rock type (eclogites) to compare 
pressures between HP–LT blocks. Our results allow us to 
determine robust pressure estimates for a rock-type that 
has historically presented challenges. Combining residual 
inclusion pressures with detailed spatial characterization 
of garnet zonation, shows that the qtz-in-grt barometer can 
preserve pressure variations that are related to protracted 
garnet growth. This work further highlights the importance 
of coupling qtz-in-grt barometry with spatial information of 
garnet zonation, to accurately interpret results from garnets 
that exhibit large pressure variations.

Mean and max entrapment pressures from northern Fran-
ciscan eclogites best agree with low-pressure estimates from 
the Franciscan Complex, and significantly disagree with 
previous high-pressure estimates that approach or reach 
the coesite stability field (e.g., Massonne 1995; Tsujimori 
et al. 2006). Pressures from a Santa Catalina Island eclogite 
agree with most reference pressure constraints from high-
grade rocks on the island. Mean and max entrapment pres-
sures exhibit minimal differences between eclogites, and 
best support exhumation models that propose exhumation 
of high-grade blocks from similar structural depths, rather 
than ‘melange-style’ mixing and exhumation of eclogites 
from variable depths. The similar depths recorded by eclog-
ite blocks may also have implications for the recovery pro-
cess of high-grade rocks, perhaps indicating the detachment 
of coherent mafic slices due to weak serpentinite-bearing 
basal shear zones. The pressure and age evolution of north-
ern Franciscan blocks would be in agreement with numerical 
modeling results that document the effect of serpentinized 
upper mantle on crustal detachment, that shows that shal-
lower detachment and underplating of oceanic material 
would be expected when the subduction zone is hotter (e.g., 
older, shallower amphibolites), and deeper detachment and 
underplating would be expected when the subduction zone 
cools (e.g., younger, deeper eclogites) due to differences in 
depths of serpentine dehydration.
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