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ABSTRACT. There are three occurrences of medium- to high-grade metamorphic rocks in Jamaica:
amphibolite facies Westphalia Schist, blueschist/greenschist facies Mt. Hibernia Schist, and the hitherto poorly
characterized amphibolite facies Green Bay Schist. New trace element data and thermodynamic calculations
show that Green Bay Schist is closely related to Westphalia Schist. The protoliths for both are very similiar
(basalt-andesitic basalt, C-MORB), consistent with a subducted ocean-ridge tectonic environment, hence arcrelated. The protolith for Mt. Hibernia Schist is quite different (basalt, P-MORB), related to the Caribbean
Large Igneous Province. Whereas the P-T-t paths for Green Bay Schist and Westphalia Schist prior to the
middle Campanian (>78 Ma) are inferred to be similar, the late Campanian, Maastrichtian and Cenozoic P-T-t
paths are very different. New 40Ar/39Ar age determinations show the following: (1) While the difference in the
late Campanian and Maastrichtian remains problematic, (2) the difference in the Cenozoic clearly reflects the
location relative to the NW-trending, NE-dipping Wagwater Fault: Westphalia Schist to the NE (hanging wall);
Green Bay Schist to the SW (foot wall). The Cenozoic P-T-t paths are complementary, and consistent with the
behavior of the Wagwater Fault: 65-50 Ma, normal motion (transtension); 50-10 Ma, inactive (quiescent); 10
Ma-present, reverse motion (transpression).
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1. INTRODUCTION
Two small exposures of metamorphic rock at Green
Bay, southwest of Kingston, Jamaica, were the subject
of a heated debate in the 1940s and early 1950s – a
debate concerning, among other things, an eccentric
(pre-plate tectonic) theory of mountain building (see
discussion in Donovan, 2008, 2010). The controversy
was effectively resolved with Chubb’s (1954;
Donovan, 2010) observations and mapping of the site.
Draper visited the site c. 1976 in conjunction with his
dissertation (Draper, 1979; and see Draper, 1987), but
since then, until our recent visit in 2013, Green Bay has
been closed to the public by the Jamaican Defense
Force (JDF), used the site intermittently over the years
as an artillery range. The possibility of unexploded
ordinance has been very effective in dissuading wouldbe trespassers, and maintaining the long hiatus between
Draper’s (c. 1976) field work and our visit. Draper
(1979, 1987) reported whole-rock chemical analyses
for major elements in one rock sample and chemical
analyses of two amphiboles from Green Bay Schist.
Kemp (1971) and then Draper (1979, 1987) were
among the first to speculate that Green Bay Schist may
be equivalent to the amphibolite facies Westphalia
Schist, approximately 30 km to the east in the Blue
Mountains. The simple objective of this study is to test

Kemp’s (1971) and Draper’s (1979, 1987) hypothesis
by using modern geochemistry and petrology to
compare Green Bay Schist with well-studied
metamorphic rocks in the Blue Mountains (West et al.,
2014). To this end, we examine major-element mineral
chemistry to estimate the P-T conditions, whole-rock
major-element and trace-element chemistry to
characterize the protolith and tectonic provenance, and
40
Ar/39Ar data to constrain cooling ages.
With permission from the JDF and an armed
military escort we visited the site for approximately 4
hours, 9 August 2013, for the purpose of collecting
samples for petrographic and geochemical analysis. The
party included two of the authors (RNA, BRB), four
JDF soldiers, Prof. Simon F. Mitchell (University of the
West Indies) and two of his students. Prof. Mitchell and
his students took advantage of the opportunity to verify
upper Eocene to Miocene limestone stratigraphy
mapped by Chubb (1954).
Abbreviations for minerals and mineral
components conform to Kretz (1983), as updated by
Whitney and Evans (2010), except for abbreviations
for components used in thermodynamic calculations
(figure 9, explained in table 5). In the convention
(Kretz, 1983; Whitney and Evans, 2010),
abbreviations for minerals are capitalized; abbreviations
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for components are not capitalized, e.g., “Ab” standards
for a plagioclase with “ab” content greater than 90%.
K-Ar ages reported from Lewis et al. (1973) are
corrected for currently accepted argon decay constants
(Steiger and Jèger, 1977). Absolute stratigraphic ages
and Geologic Time Scale nomenclature are consistent
with Gradstein et al. (2012). In the present context,
early/lower, middle, late/upper subdivisions of the
Cenozoic epochs are informal, hence not capitalized.
2. GEOLOGY
2.1. General tectonic framework.
Jamaica is the third largest of the islands of the Greater
Antilles (Figure 1A, Puerto Rico, 4th largest, not
shown). The island is cut by the E-W trending left-lateral
transform system of the Enriquillo-Plantain Garden
Fault. As such, the island straddles the boundary between
the Caribbean Plate and the Gonave Microplate (Figure
1A). The Blue Mountains in eastern Jamaica (>2200 m)

owe their relief to middle Miocene–present uplift in
response to NE-SW compression at a prominent rightstep, left-lateral restraining bend along the Plantain
Garden segment of the transform boundary (Mann et al.,
1985; Dominguez-Gonzalez et al., 2015).
The basement of Jamaica was formed as part of a
Cretaceous (or earlier) volcanic island arc. The
basement consists of a diverse assemblage of
unmetamorphosed and metamorphosed volcanic,
sedimentary and plutonic rocks (e.g., Robinson, 1994;
Mitchell, 2003, 2006). The arc-related rocks are
unconformably overlain by Cenozoic strata. The
basement is now exposed in a number of inliers (Figure
1B), where locally the younger strata have been eroded
away. The unconformity at the base of the oldest
Cenozoic strata, redbeds of the Wagwater Formation,
indicates that at least some basement was exposed at the
surface by the end of the Cretaceous or by early
Paleocene (~66 Ma).

Figure 1. Regional geology. A. Plate tectonic setting of Jamaica. The red vectors (DeMets and Wiggins-Grandison, 2007)
show the motions of the Caribbean Plate and Gonave Microplate relative to the North American Plate. CSC = Cayman
spreading center, EPG = Enriquillo - Plantain Garden Fault, and RB = restraining bend. B. Simplified geologic map of
Jamaica, after Mitchell (2013). PGF = Plantain Garden Fault, BM = Blue Mountains Inlier, WF = Wagwater Fault, Kn =
Kingston. Red box is the study area. C. Geologic map of Green Bay (after Mitchell, 2015) and Google Earth image (©2015
Google Inc.) of the same area depicted in the geologic map. The map unit identified as Wt (upper Eocene, Troy
Formation) also includes one very small area of Cavalier Formation. The map unit identified as Wc (Eocene, Claremont
Formation) includes small areas of Swanswick and Somerset Formations. The map unit identified as Wn (Miocene,
Newport Formation) includes small areas of Walderston Formation. The August Town Formation is Miocene-Pliocene
(James-Williamson et al., 2014).
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The largest of the inliers is the Blue Mountains
Inlier in eastern Jamaica (Figure 1B). Near the SW
margin of the Blue Mountains Inlier, greenschistblueschist facies Mt. Hibernia Schist and amphibolite
facies Westphalia Schist (Draper, 1979, 1986, 1987;
Abbott et al., 1996, 2003, 2011; Abbott and Bandy,
2008) have been uplifted on the NE side of the
restraining bend (Mann et al., 1985; 2007;
Dominguez-Gonzalez et al., 2015) along the Plantain
Garden-Blue Mountains Fault System (Figure 1A, B).
K-Ar ages on hornblende from the Westphalia Schist
give a cooling age of ~77 Ma, while biotite from the
same rock gives ages of 50 and 54 Ma (Lewis et al.,
1973). Recently determined whole-rock 40Ar/39Ar ages
of 74 and 77 Ma for Mt. Hibernia Schist (Abbott et al.,
2011; West et al., 2014) are consistent with the older
K-Ar hornblende age. Whereas, recently determined
whole-rock and K-feldspar 40Ar/39Ar cooling ages for
Westphalia Schist (Abbott et al., 2011; West et al.,
2014) are consistent with the younger K-Ar biotite
ages. 40Ar/39Ar determinations for Westphalia Schist
give an early Eocene whole-rock cooling age of 53 Ma
and a middle Paleocene K-feldspar cooling age of
~60 Ma (Abbott et al., 2011; West et al., 2014). The
younger ages (50-60 Ma) are more recent than the
unconformity at the base of the Wagwater Formation,
and relate to low-grade upper zeolite facies burial
metamorphism (Abbott et al., 2013; West et al.,
2014).
2.2. Four tectonic stages.

(3) Quiescence: Middle Eocene deep-water
limestone overlies the Wagwater and Richmond
Formations. Elsewhere in Jamaica, the age of the oldest
limestone varies from early or middle Eocene in central
Jamaica (Robinson, 1994; Draper, 2008; Mitchell,
2013) to late Paleocene or early Eocene in eastern
Jamaica (Mann and Burke, 1990; Robinson, 1997). In
the vicinity of the Wagwater and Richmond Formations,
the early deep-water limestone is overlain by upper
Eocene to Miocene mostly shallow-water limestone.
For the purpose of this study, it is assumed that the
transition from the Wagwater-Richmond sequence to
limestone deposition (Yellow and White Limestone
Groups) took place in the early Eocene, at ~50 Ma
(Mann and Burke, 1990, corrected for modern PICKS,
Gradstein et al., 2012). However, it should be noted
that middle Eocene olistostromes in the lower part of the
White Limestone Group (Robinson, 1967; Mitchell,
2004) suggest that movement on the Wagwater Fault
may have continued into the middle or late Eocene.
Otherwise, the Yellow and White Limestone Groups
represent a relatively quiet time of diminished fault
activity. Draper (2008) suggested that the limestone is
related to epeirogenic subsidence in response to
lithospheric cooling.
(4) Transpressional uplift: Late Miocene (~10 Ma,
Draper, 2008) to Pleistocene carbonate reef deposits,
now raised above sealevel, are related to ongoing
transpressional uplift. Earlier normal faults (stage 2)
were reactivated as reverse faults (DominguezGonzalez et al., 2015).

The geology of Jamaica unfolded in four tectonic
stages (Robinson, 1994; Mann and Burke, 1990;
Draper, 2008), as follows (Figure 2):
(1) Island arc and convergent plate boundary
tectonics: Early Cretaceous–early Paleocene formation
of the original Caribbean Large Igneous Province
(CLIP, 86-92 Ma, Hastie et al., 2008; West et al.,
2014) and volcanic island arc (>90 Ma, Hastie et al.,
2010), followed by exhumation between ~80 Ma and
~65 Ma (West et al., 2014).
(2) Transtensional subsidence: Early Paleocene to
early Eocene redbeds and volcanic rocks of the
Wagwater and Richmond Formations occupy a NWtrending half-graben formed during transtensional
tectonics (Figure 1B). East-dipping listric normal faults
along the western margin of the half-graben (Wagwater
Fault, Figure 1B) were active during this time, and also
affected the interior of the basin (Draper, 2008). The
Wagwater Fault is shown schematically in Figure 2.
The combined thickness of the Wagwater and
Richmond Formations is at least 6.8 km (Mann and
Burke, 1990). The strata were affected by burial
metamorphism during this time (Abbott et al., 2013;
West et al., 2014).

Figure 2. Four tectonic stages. Schematic SW-NE cross
sections across the Wagwater Fault, which forms the
western margin of the Wagwater and Richmond
Formations.
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2.3. Green Bay Inlier.
This small inlier is actually comprised of two parts
(Figure 1C), both of which are exposed along the axis
of a NW-plunging anticline, which itself is dissected by
numerous faults (Mitchell, 2015). At Green Bay,
redbeds of the Wagwater and Richmond Formations
(stage 2, Figure 2) are missing, such that platform
limestone (upper Eocene–Miocene, stage 3, Figure 2)
rests nonconformably on the Green Bay Schist
(Chubb, 1954; Donovan, 2008, 2010; Mitchell, 2015).
When movement on the Wagwater Fault was normal
(stage 2, Figure 2), rocks in the Green Bay Inlier were
in the footwall, west of the depositional basin of the
Wagwater and Richmond Formations. The stratigraphy
only indicates that Green Bay Schist was exposed at the
surface at the commencement of the deposition of the
platform limestone (~50 Ma, stage 3, Figure 2). The
anticline and faulting that expose the Green Bay Inlier
are interpreted as a local manifestation of late, regional
NE-SW compression (stage 4, Figure 2), related to the
uplift of the Blue Mountains (Draper, 2008).
3. METHODS
3.1. Sampling.
Sampling was informed by Chubb’s (1954) original
geologic map, here updated (Figure 1C) according to
Mitchell (2015), with a Google Earth (©2015 Google
Inc.) satellite image of the same area. For the purpose
of chemical analyses of trace elements, the sea-cliff
exposure (Donovan, 2010) was avoided to minimize
any influence of weathering and contamination by sea
water. Samples were chipped from six fresh boulders
(JAM-13-1a, b, c, d, e, f) in the talus below the
principal exposure. The sample location is indicated in
Figure 1C. Polished thin sections were prepared from
two samples (JAM-13-1b, c) for petrographic study,
SEM imaging and chemical analyses of minerals by
EDS (see below). Two larger samples (~0.3 kg, JAM13-1c, e) were submitted for whole-rock chemical
analyses and 40Ar/39Ar analyses.
3.2. Whole-rock chemical analyses.
The two samples (JAM-13-1c, e) selected for wholerock geochemical analysis were crushed in a porcelain
jaw crusher and powdered in a tungsten carbide
shatterbox. A full suite of major- and trace-element
analyses (Table 1) was completed at Acme Analytical
Laboratories Ltd. in Vancouver, British Columbia.
Major elements were measured using ICP-emission
spectrometry and trace elements were measured using
ICP-mass spectrometry. Both methods were completed
on fused rock powders. Replicates and an internal
standard were analyzed using the same procedures to
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monitor the analytical reproducibility during analysis of
all elements. Discrepancies among replicate analyses are
<5% for the major elements, <5% for trace elements
with abundances >10 ppm, and <10% for trace elements
with abundances of <10 ppm.
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3.3. Energy Dispersive Spectroscopy (EDS).
Chemical analyses of minerals were performed at the
College of Arts and Sciences Microscope Facility,
Appalachian State University. The instrument is an FEI
Quanta 200 scanning electron microscope, fitted with
an EDS microanalyzer (EDAX). Mineral standards
were obtained from the Smithsonian Institute (USNM
series). Instrument settings were 35 kV acceleration
voltage, 4 µm spot size, and 50 s counting time. Raw
data were processed with Genesis 3.5 software. The
Genesis software has certain peculiarities regarding
constraints on the ZAF algorithm. The software does
not allow for using more than one standard at a time,
and the sum of the weight percents of oxide
components is constrained to a user-specified value.
For the purpose of major-oxide analyses, except K2O,
these peculiarities were accommodated satisfactorily by
choice of a suitable standard, and by paying special
attention to stoichiometry (especially, atomic
proportions of cations). For the silicate minerals,
USNM omphacite standard (#1106067) was used. For
each mineral, the sum of the weight percents of the
oxide components was normalized to 100. The low
K2O in the omphacite standard (0.15 wt.%) makes it
unreliable for K2O in silicate minerals with appreciable
K2O (>1 wt.%). In order to accommodate the problem,
in each EDS session the USNM microcline standard
(#1143966, 15.14 wt.% K2O) was analyzed as an
unknown at the beginning of the session (5 or 6 spots)
and at the end of the session (5 or 6 spots). New
correction factors were calculated for the major oxides
in the microcline standard (Na2O, K2O, Al2O3, SiO2).
The new correction factors were then applied, in a
fashion consistent with ZAF procedures, to mineral
analyses referred to the omphacite standard (USNM
#1106067). The analyses were renormalized to
100 wt.%. These analyses were then processed by the
software AX (Holland and Powell, 2000), which
provides an estimate of Fe2O3 based on cation
stoichiometry and formal number of anionic charges
per formula unit (pfu). The processed analyses are
presented in Tables 2 and 3. Systematics of the cation
proportions (i.e., stoichiometry) indicate that the
procedure is successful within expected limits of
analytical uncertainty for EDS. For the Fe-Ti oxide
minerals, one standard was used, USNM ilmenite
(#96189).
3.4. 40Ar/39Ar data.
Splits of the two largest samples (JAM-13-1c, JAM-131e, ~0.3 kg) were disaggregated, washed, and then
sieved to 149-177 µm. The samples were then rinsed in
warm diluted hydrochloric acid to remove carbonate
minerals and rinsed again in deionized water. This
fraction of sample JAM-13-1c was loaded for 40Ar/39Ar

whole-rock analysis. Reflected and transmitted light
microscopy of sample JAM-13-1e indicated that it
contained sufficient K-feldspar and amphibole to
attempt further separation. Amphibole was prepared to
an optical purity of >99.9% by prolonged ultrasonic
treatment along with standard magnetic and density
separation techinques. K-feldspar was less abundant and
there was insufficient sample to prepare a high purity
separate. XRD indicates ~50% K-feldspar, ~50%
plagioclase, and negligible quartz. The remaining
portion of JAM-13-1e (K-feldspar and amphibole
removed) was also loaded as a pseudo whole-rock
analysis. Prior to packaging, all samples were washed
sequentially with acetone, alcohol, and deionized water
(3x) in a Branson B220 ultrasonic bath.
The washed samples were packaged in high
purity copper, sealed under vacuum (~10-6 torr) into
fused silica vials, and then irradiated for 30 hours in
the U.S. Geological Survey TRIGA reactor in
Denver, Colorado (Dalrymple et al., 1981). Fish
Canyon sanidine (FC-2), with a prefered age of
27.79 Ma relative to MMhb-1 at 519.4 ± 2.5 Ma
(Alexander et al., 1978; Cebula et al., 1986), was
used as the flux monitor and was interspersed at ~1
cm intervals along the vial length. Annealed K2SO4
and optical grade CaF2 were included in the
irradiation to monitor neutron-induced interferences
from K and Ca. Following irradiation, FC-2, K2SO4,
and CaF2 were fused with a Synrad CO2 laser, and
unknown samples were step-heated in a low blank
furnace. After cleanup of the extracted gases all
argon isotopes were analyzed on an MAP-216 noble
gas mass spectrometer at the U.S. Geological
Survey 40Ar/39Ar geochronology laboratory in
Reston, Virginia. Additional details of the analytical
methods can be found in Kunk et al. (2005).
Correction factors were determined by repeat
analysis of K2SO4 and CaF2 and are reported in the
footnotes of the data table (Appendix 1). J-factors
were determined by analysis of 6 or 7 single FC-2
sanidine crystals at each monitor position, and an
uncertainty of 0.25% is applied to all J-values. The
reproducibility of the standard FC-2 suggests this is
a conservative estimate. The calculated J-factor
varies by <1% among the unknown samples
analyzed for this study. Mass spectrometer
sensitivity was 1.962 x 10-13 (± 2.3%) moles/volt
and mass discrimination was 1.00676 (± 0.09%) per
amu during unknown analyses. Typical blanks were
2 x 10-15 mol for 40Ar, 6 x 10-17 mol for 37Ar, and <1
x 10-17 mol for 39Ar, 38Ar, and 36Ar. Decay constants
used were those recommended by Steiger and
Jäger (1977). In the data tables and figures, errors
for the ages of individual increments are reported at
1σ. Plateau ages are reported where contiguous
steps agree at the 95% confidence level and contain
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>50% of the 39ArK. In sample JAM-13-1e where the
apparent ages of consecutive steps are similar, but do
not satisfy the formal criteria for a plateau age, the
weighted average age for the consecutive steps is
reported. MassSpec V 7.79 (Deino, 2014) was used for
machine automation and all data analysis. Complete
isotopic data are reported in the Appendix 1.
3.5. Thermodynamic calculations
Activities of mineral components were calculated using
the software AX (Holland and Powell, 2000).
Thermodynamic calculations were performed using the
software THERMOCALC, v. tc325, data set 5.5, 12
November 2004 (Holland and Powell, 1998; Powell et
al., 1998; Powell, 2005). Henceforth, these programs
are simply cited as AX and THERMOCALC.
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4. PETROGRAPHY AND MINERAL
CHEMISTRY
The Green Bay Inlier consists mainly of finegrained (~0.25 mm), well-foliated hornblende
schist (Figure 3A, B). The mineral assemblage
consists of hornblende (~35%), plagioclase
(~45%), orthoclase (~10%), chlorite (~5%), and
quartz (~5%), and trace amounts of calcite,
titanite, magnetite, ilmenite, and apatite. Locally,
the rock has narrow (~5 mm), diffuse, or
otherwise weakly developed, mafic laminae, for
the most part apparent only on weathered
surfaces (Figure 3A). The mafic laminae are
distinguished from the rest of the rock by a
higher proportion of hornblende. Otherwise the
mineral assemblage is the same throughout.
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Figure 3. A. Weathered surface of hand specimen. The banding reflects variations in hornblende content (dark, more
hornblende; light, less hornblende). Fresh surfaces are uniformly black and otherwise uninspiring. B. SEM image of a
polished thin section of Green Bay Schist, sample JAM-13-1c. Plagioclase, K-feldspar and quartz are dark gray. Quartz is
a slightly darker shade of gray than plagioclase and K-feldspar. Hornblende and chlorite are light gray. The brightest
grains are titanite. The mean grain size is ~0.25 mm.

4.1. Silicate minerals.
Average compositions of hornblende, chlorite,
orthoclase and plagioclase are reported in Table 2.
There is nothing particularly unusual about the
compositions of these minerals. In the formal
nomenclature for amphiboles (Hawthorne et al.,
2012), the hornblende is borderline pargasitemagnesiohornblende. The chlorite is of the variety
sheridonite, close to clinochlore (Wiewiora and
Weiss, 1990). The Mg# =100*Mg/(Fe+Mg) is
nearly the same in both minerals, 58 in the
hornblende and 56 in the chlorite. The plagioclase
is andesine (ab62); the orthoclase is appreciably
sodic (ab08). The titanite is near stoichiometric
CaTiSiO5.
4.2. Fe-Ti oxides.
Magnetite occurs as minute (~0.05 mm), isolated,
subhedral to euhedral grains. Ilmenite occurs as
even
smaller
(~0.02
mm),
more-or-less
equidimensional, anhedral grains. Ilmenite grains
are clad by thin (~0.005 mm) rims of titanite.
Average compositions for magnetite and ilmenite
are reported in Table 3. The analyses are
noteworthy only for the high Mn-content of the
ilmenite (16% MnTiO3 “pyrophanite”).
5. WHOLE-ROCK GEOCHEMISTRY
5.1. Major elements: protolith characteristics.
Normative calculations were performed using an
Excel spreadsheet designed by Hollocher (nd, see
reference for website). The calculations assumed a
value of Fe2O3/(FeO+Fe2O3) = 0.35, typical for

basaltic compositions (e.g., Best and Christiansen,
2001). The resulting average major-element
chemistries for Green Bay Schist, Westphalia Schist
(West et al., 2014) and Mt. Hibernia Schist (West
et al., 2014) are reported in Table 4, along with the
normative mineralogy. With regard to the protoliths,
Hollocher’s (nd) spreadsheet also provides various
useful differentiation parameters, a selection of
which is reported in Table 4.
Pearce (2014) offers a cautionary note
regarding the use of major elements for
classification of magma type (e.g., TAS, total
alkali–silica) in volcanic rocks that have been
metamorphosed or otherwise altered. Of course, this
concern extends to normative analyses and
differentiation parameters such as those reported in
Table 4. With this in mind, the differentiation
parameters would suggest that the protoliths could
be ordered from the least differentiated (most
primitive) Mt. Hibernia Schist, to Green Bay Schist,
to the most differentiated (least primitive)
Westphalia Schist. However, the high normative
quartz and low normative plagioclase in Mt.
Hibernia Schist sets it apart from Green Bay Schist
and Westphalia Schist in a way that would be very
difficult to reconcile with normal processes of
fractionation during melting or crystallization. Also,
the Mg# does not decrease from Mt. Hibernia Schist
to Green Bay Schist, contrary to expected trends
during melting or crystallization. On the basis of
major elements alone, it would seem that the Mt.
Hibernia “magma” is not related to the Green Bay
and Westphalia “magmas.” There are no such
obvious indications that Green Bay and Westphalia
“magmas” are unrelated. The major elements
indicate that the Westphalia “magma” could be
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derived by crystal fractionation from the Green Bay
“Magma,” that is to say, the latter is somewhat, but
distinctly, more primitive than the former.
However, the difference could be explained equally
well by the amount of melting in the same source
region, in which case, the Green Bay “magma”
would represent a greater amount of melting than
the Westphalia “magma.” Incompatible, immobile
elements offer more compelling evidence.

5.2.

Incompatible, immobile elements

Recently, a very clear and concise precedure for
interpreting incompatible, immobile–element data
became available in an article by Pearce (2014) in
a special issue of Elements (2014, April) devoted to
ophiolites. The procedure, involving various
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immobile–element discrimination diagrams, is
directly relatable to West et al.’s (2014)
interpetation of data for Westphalia Schist and Mt.
Hibernia Schist. For the immediate purpose of
comparing Green Bay Schist to Westphalia Schist
and Mt. Hibernia Schist, West et al.’s (2014) data
are replotted and interpreted here in the framework
of Pearce’s (2014) procedure.
The point of departure for Pearce’s (2014)
procedure is the incompatible, immobile-element
patterns portrayed in Figure 4. Analyses are
normalized to N-MORB (Sun and McDonough,
1989). The elements are ordered according to
increasing compatibility. For pairs of elements that
behave in a similar fashion (Ta-Nb, Hf-Zr, Ho-Y),
the average of the two values of the pair is used.
The pattern for Mt. Hibernia Schist classifies as PMORB (Plume) (Pearce, 2014). This is consistent
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Figure 4. Incompatible, immobile NMORB-normalized patterns (after Pearce,
2014) for Westphalia Schist, Mt. Hibernia
Schist and Green Bay Schist. The data for
Westphalia Schist and Mt. Hibernia Schist
are from West et al. (2014). The patterns
for Green Bay Schist and Westphalia Schist
are very similar, both consistent with CMORB
classification
(contaminated),
according to Pearce (2014). That the
patterns for Green Bay Schist are of lower
slope than most of the patterns for
Westphalia Schist suggest that Green Bay
magma was slightly more primitive (or less
differentiated) than the Westphalia magma,
but related paragenetically. The pattern for
Mt. Hibernia Schist is consistent with PMORB (plume) according to Pearce (2014).

with the interpretation of West et al. (2014; and see
Hastie et al., 2008). Green Bay Schist and
Westphalia Schist both classify as C-MORB
(contaminated), very close to the “Taitao, Chile”
example of a subducted ridge (Pearce, 2014). The
similarity in the patterns for Green Bay Schist and
Westphalia Schist serves as the most compelling
evidence that the protoliths for Green Bay Schist
and Westphalia Schist are very closely related, if
not equivalent. The subtle difference in slope can be
explained by the either fractional crystallization or
fractional melting; in either case, consistent with the
behavior of the major elements.
5.2.1 Proxy for TAS rock classification
For metamorphosed rocks, where major elements
may have been affected, the Zr/Ti–Nb/Y diagram
(Figure 5) is a well-tested proxy for the standard
TAS (total alkali–silica) diagram (Pearce, 2014).
While protoliths for Mt. Hibernia Schist and Green
Bay Schist both classify as basalt, and plot close

together, other attributes indicate that the two are
distinct with regard to magma type, i.e., major
elements (Table 4) and incompatible, immobileelements patterns (Figure 4). The protolith for
Westphalia Schist classifies as basaltic andesite.
Again, the difference between Westphalia Schist
and Green Bay Schist can be explained by either
fractional crystallization or fractional melting.
5.2.2 Magma type and tectonic setting
The Th/Yb–Nb/Yb diagram (Figure 6) effectively
distinguishes between MORB–OIB (OIB=oceanic
island basalt) environments and oceanic arc
environments (Pearce, 2014). Analyses for Mt.
Hibernia Schist plot in the MORB-OIB array,
between N-MORB and E-MORB, consistent with
Pearce’s (2014) “Nicoya” example of P-MORB.
Analyses of Mt. Hibernia Schist plot among the
subduction-unrelated plume-type basalts of Dilek
and Furnes (2014). Both Green Bay Schist and
Westphalia Schist plot in the calc-alkaline part of

Figure 5. Zr/Ti–Nb/Y proxy for TAS (total
alkali, silica) classification volcanic rocks
(Pearce, 2014). Green Bay Schist (this
study) and Mt. Hibernia Schist (West et al.,
2014) plot close together in the basalt field.
Most of the analyses for Westphalia Schist
(West et al., 2014) plot in the
andesite/basaltic andesite field. Again, the
difference between Green Bay Schist and
Westphalia Schist is consistent with the
magma for the former being more
primitive (or less differentiated) than the
magma for the latter.
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Figure 6. Th/Yb–Nb/Yb discriminant diagram
(Pearce,
2014)
for
distinguishing
between
suprasubduction zone (SSZ) and MORB-OIB tectonic
environments. Data for Green Bay Schist and
Westphalia Schist plot in the Oceanic Arc field, in a
way that is consistent with the magma for the former
being more primitive (or less differentiated) than the
magma for the latter. Mt. Hibernia Schist plots in the
MORB-OIB field.

the oceanic arc region (Pearce, 2014). According
to Dilek and Furnes (2014), Green Bay Schist and
Westphalia Schist would be classified as
subduction-related, calc-alkaline basalt.
5.2.3 Subdivisions of tectonic setting
Figure 7 portrays subdivisions of the MORBOIB array and subdivisions of supra-subduction
zone (SSZ) basalt (Pearce, 2014). The bold, subhorizontal, dashed lines in Figure 7A define two
regions, distinguished by the depth of melt
production. MORB is related to shallow melting;
OIB is related to deep melting. The shaded
region corresponds to plume-ridge interaction at
various depths. Analyses of Hibernia Schist plot
in the shallow-melting region, related to mantle
plume, i.e., P-MORB. The V-Ti plot in Figure
7B gives information regarding the influence of
H2O, a signature for melting above the
subduction zone or contamination of magma
ascending through the SSZ. The island arc
tholeiite (IAT) and boninite fields indicate
melting above the subduction zone. The MORB
field indicates melt production beneath the
subduction zone (Pearce, 2014; Dilek and
Furnes, 2014). Green Bay Schist and Westphalia
Schist both plot in the MORB region, variously
affected in the SSZ region, i.e., C-MORB. V-Ti
values close to the boundary with the IAT
indicate a greater amount of contamination in the
SSZ.
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Figure 7. A. Subdivisions of MORB-OIB (Pearce,
2014). Mt. Hibernia Schist plots in the shaded field for
interaction between plume and ridge. B. Subdivision
of suprasubduction zone (SSZ) basalt (Pearce, 2014).
Green Bay Schist and Westphlia Schist both plot in a
field for SSZ MORB, i.e., a mantle source below a
subduction zone.

6. 40AR/39AR GEOCHRONOLOGY
Analytical results from 40Ar/39Ar step-heating
experiments are presented in the Appendix 1. 39Ar
release spectra are shown in Figure 8. Amphibole
(Figure 8A) and K-feldspar (Figure 8B) (Section
6.1) both have reasonably well constrained closure
temperatures (discussed below), and thus provide
points on a cooling history (T-t). Whole-rock data
(Figure 8C, D) (Section 6.2) provide ages that are
not readily temperature-constrained, but are
nevertheless related to cooling.
6.1. JAM-13-1e
results

amphibole

and

K-feldspar

The amphibole age spectrum for sample JAM-13-1e
(Figure 8A) is only moderately discordant, with
most of the discordance in the lower radiogenic
yield, initial and final heating steps, possibly
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reflecting minor impurities of, or alteration to,
chlorite and titanite (Figure 3). The apparent ages
are in a narrow range from 55.9 to 61.1 Ma for 8 of
the 12 heating steps (98.4% of the 39ArK). Apparent
K/Ca ratios vary little throughout the heating steps,
suggesting a relatively uniform amphibole
composition as expected, based on the optical
purity of the concentrate. A weighted average age
of 60.7 ± 0.8 Ma is calculated for 76.5% of the total
39
Ar released. This age is interpreted to reflect the
time of cooling below ~500°C (McDougall and
Harrison, 1999) following amphibolite facies
metamorphism.
The age spectrum from the K-feldspar
concentrate from sample JAM-13-1e (Figure 8B)
also exhibits minor discordance, with apparent ages
ranging from 58.0 to 62.3 Ma for 15 of the 18
heating steps (98.5% of the 39ArK). A “mini”
plateau age of 58.3 ± 0.2 Ma is calculated for 8
heating steps that contain 48.7% of the 39ArK. The
high radiogenic yields (>90%) of each of these
steps is consistent with the degassing of primarily
K-feldspar, while the K/Ca values are ~10,
suggesting minor contribution of Ca-derived 37Ar
from plagioclase. Higher apparent ages and lower
radiogenic yields during the heating steps
associated with the latter half of the experiment
suggest greater contributions from plagioclase.
The assignment of a unique closure temperature
to K-feldspar is difficult under the best of
circumstances (see recent reviews in Harrison and
Lovera, 2013; Villa, 2013) and would be
particularly tenuous in the present case, given the
impure nature of the K-feldspar concentrate.
However, given the minor age variation across the
entire age spectrum and the agreement of steps with
the highest radiogenic yield, we interpret the
58.3 ± 0.2 Ma mini-plateau age to approximate a
time of rapid post-peak metamorphic cooling from
~250 to ~150°C (Harrison and McDougall,
1982).
6.2. Whole-rock results
The spectra from the remaining components of
sample JAM-13-1e (labeled “whole-rock” in
Figure 8C) and the whole-rock analysis of JAM13-1c, collected only meters away, are both
relatively uncomplicated. The samples record
overlapping integrated ages of 57.8 and 57.6 Ma,
respectively. Four steps in sample JAM-13-1c meet
the statistical criteria for a plateau age of
57.69 ± 0.17 Ma (61.7% of the 39ArK). The samples
also degas similarly in-vacuo as indicated by
similar K/Ca, 40Ar*, and age patterns during the
step-heating experiments (Appendix 1). We

suggest that the samples record the same postmetamorphic cooling history. Unfortunately, a
specific closure temperature cannot be assigned to
whole-rock ages from metamorphic rocks
(McDougall and Harrison, 1999). Instead, the
whole-rock ages reflect the combined effects of
variable cooling ages of the K-bearing minerals,
excess argon, and alteration. Nevertheless, it should
be noted that our best estimate for the timing of
cooling below K-feldspar closure-temperatures
(150-250°C, 58.3 ± 0.2 Ma) and the whole-rock
ages (56 to 58 Ma) are similar, and both are only
slightly younger than the timing of cooling below
the amphibole closure-temperature (500°C,
60.7 ± 0.8 Ma). Therefore, while the specifics of
closure temperatures can be debated, it is
abundantly clear that Green Bay Schist cooled very
quickly in the interval between about 60 and 56 Ma,
and has remained relatively cold (<250°C) since
that time.
7. THERMODYNAMIC CALCULATIONS
Figure 9 portrays the results of thermodynamic
calculations involving components in hornblende,
chlorite, plagioclase and orthoclase (Table 2),
coexisting with quartz, calcite and an H2O–CO2
fluid. Equilibrium between plagioclase and Kfeldspar provides the strongest constraint on the
temperature (Section 7.1). Equilibrium r5 (Table 5)
provides the strongest constraint on the pressure
(Section 7.2). The “average T” option in
THERMOCALC (reactions r1, r2, r3, r4, Table 5)
provides an estimate of the CO2 content of an
aqueous fluid (Section 7.2). Finally, magnetiteilmenite equilibrium provides an independent
estimate of the temperature and f(O2) (Section 7.3).
7.1. Feldspar equilibrium
In addition to estimating Fe2O3 and providing a
chemical formula (cations pfu) from chemical
analyses (Table 2, 3), the software AX also
calculates the activities of mineral components. For
coexisting felspars, it is a simple matter to perform
a search for the equilibrium conditions (P, T) where
the activities of the feldspar components are the
same in both feldspars. Because of low Ca in the
orthoclase and low K in the plagioclase, this
approach is only practical for the Na component,
XabKfs = 0.08, XabPl = 0.62 (Table 2). The result of
this simple exercise gives 510°C, regardless of the
pressure. The pressure-dependent formulation
developed by Stormer (1975) for two-feldspar
thermometry gives comparable results, notably in
the range from 501°C (7 kbars) to 522°C (9 kbars).
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Figure 8. 40Ar/39Ar age spectra for Green Bay Schist. Analytical data are in the Appendix 1. A. Amphibole
concentrate (JAM-13-1E). B. K-feldspar concentrate (JAM-13-1E). C. Whole-rock (JAM-13-1E). D. Whole-rock
(JAM-13-1C).

Figure 9. Equilibria described in the text and in Table 5. Equilibrium conditions (green circle) for the Green Bay
Schist are P ~7 kbars, T ~500°C, X(CO2) ~0.05. The radius of the circle describes approximately the uncertainty in T
(±37°C) and P (±1.1 kbars), based on equilibrium r5 (Table 5). Blue rectangle = estimated P-T conditions for peak
matamorphism in blueschist of the Mt. Hibernia Schist (Willner et al., 1995). Yellow rectangle = calculated retrograde
P-T conditions for Westphalia Schist (Abbott et al., 1996; Abbott and Bandy, 2008).
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7.2. THERMOCALC
Calculations using the “average T” option in
THERMOCALC involved an independent set of
four equilibria (r1, r2, r3 and r4 in Table 5). The
results depend strongly on the composition of the
fluid, expressed as X(CO2) = CO2/(H2O + CO2),
and are consistent with the an overall reaction of
the form, A = B + CO2 + H2O. Results (Figure 9)
were calculated at various values for X(CO2) =
0.000005, 0.0005, and 0.05.
During the course of the calculations, using a
THERMOCALC option that determines all
possible equilibria within a specified range of P and
T for a given X(CO2), equilibrium r5 was identified
as having an unusually low, negative dP/dT slope
in the range range 50-550°C, and being nearly
independent of X(CO2). The reaction is an
otherwise obscure linear combination of r1, r2, r3
and r4 (Table 5). Regardless of X(CO2) for
temperatures at least up to 550°C, the calculated
pressure is in the narrow range 7-8 kbars. The
reaction involves no Fe-components, hence is not
subject to vagaries in the estimation of Fe3+ in the
hornblende and chorite.
Regardless of X(CO2), solutions to equilibrium
r5 intersect the two-feldspar equilibria at
approximately 7 kbars and 500°C. The “average T”
calculations indicate that the solution for X(CO2) =
0.05 agrees most closely with these conditions.
Excluding for the moment the Fe-Ti oxide
minerals, these are the conditions under which the

mineral assemblage would be in equilibrium. That
the chlorite is late and appears undeformed indicates
that the conditions, like those for Westphalia Schist,
mark closure for mineral reactions on a retrograde
path, i.e., cooling and decompression. The
calculated P-T conditions for Green Bay Schist just
happen to be similar to the P-T conditions
calculated for Westphalia Schist (529-587°C, 6.28.6 kbars, Abbott and Bandy, 2008). However, a
note of caution is in order. Thermochronological
data (this study; West et al., 2014) indicate that the
calculated P-T conditions for Westphalia Schist
pertain to the Late Cretaceous, whereas the
calculated P-T conditions for Green Bay Schist
pertain to the early Paleocene.
7.3. Fe-Ti oxides.
Two equilibria involving components of Fe-Ti
oxide minerals are of interest:
[1] ilmIlm + magMag = hemIlm + uspMag,
expanded,
FeTiO3 + Fe3O4 = Fe2O3 + Fe2TiO4, and
[2] 6 ilmIlm + 2 magMag = 6 uspMag + O2,
expanded,
6 FeTiO3 + 2 Fe3O4 = 6 Fe2TiO4 + O2.
The two equilibria [1, 2] are the basis for several
formulations of a widely used thermooxybarometer, e.g., Spencer and Lindsey (1981),
Ghiorso and Sack (1991), and Sauerzapf et al.
(2008). Unfortunately, the composition of the
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Figure 10. T-time (A) and P-time (B) paths for Green Bay Schist (GBS) and Westphalia Schist (WS). A. The
thermal history for Westphalia Schist (gray) is from West et al. (2014). The thermal history for Green Bay
Schist (this study) is shown in green in tectonic stages 1 and 2 (lighter green where poorly constrained), and in
yellow for tectonic stages 3 and 4. Black rectangles “K-spar” = 40Ar/39Ar ages for K-feldspar in Westphalia
Schist (West et al., 2014). Gray rectangles = K-Ar ages for Westphalia Schist (Lewis et al., 1973), Hbl =
hornblende, Bt = biotite. Red bars = 40Ar/39Ar ages for Green Bay Schist (this study), Hbl = hornblende, K-spar
= K-feldspar. The length of each red bar expresses the range of Ar-blocking temperature. B. Inferred P-time
paths for Westphalia Schist (West et al., 2014) and Green Bay Schist (this study). The length of the red bar
expresses the uncertainty in the calculated pressure (±1.1 kbars, Table 5 footnote).

titanomagnetite in this study (Table 3) is outside
the limits of applicability for these formulations,
specifically with regard to the very low ulvospinelcontent (usp =0.01). Nevertheless, with a
conservative
extrapolation
the
thermooxybarometers of Saurzapf et al. (2008) and
Ghiorso and Sack (1991) give comparable
estimates for a temperature less than ~500°C and
f(O2) greater than ~10-18. This maximum
temperature is consistent with the equilibrium
conditions for the silicate minerals and calcite.
8. P-T-TIME PATH
Figure 10 compares the proposed P-T histories for
Green Bay Schist (this study) and Westphalia
Schist (West et al., 2014; Abbott et al., 2013). The
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relationships are portrayed in two diagrams, T-time
(A) and P-time (B). The equivalence of the
protoliths for Green Bay Schist and Westphalia
Schist suggests that the prograde parts of the
Mesozoic P-T histories for the two were similar
(Figure 10A, B) up to the middle Campanian
(~78 Ma). After this time, the P-T histories of the
two schists diverged dramatically. From the middle
Campanian to the end of the Maastrichtian the P-T
history (78-66 Ma) for Green Bay Schist (light
green, Figure 10A, B) is largely speculative,
predicated on (1) arc-related metamorphism
(maximum T, ~80 Ma), and (2) protracted residence
time at depth (~20 km, ~7 kbars). At the beginning
of the Paleocene (~66 Ma), Westphalia Schist was
exposed at the surface (~25°C) (e.g., West et al.,
2014). There is no evidence that Green Bay Schist
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was exposed at the surface at this time. The
nonconformity at the base of the limestone at Green
Bay only indicates that Green Bay Schist was
exposed at the surface (25°C) in the early Eocene
(~50 Ma). Westphalia Schist shows evidence of an
early Paleocene heating event consistent with a
peak temperature of approximately 250°C at ~60
Ma (Abbott et al., 2013; West et al., 2014). This
heating event (Figure 10A) may have been related
to magmatism at the beginning of transtensional
stage 2 (Abbott et al., 2013; West et al., 2014). At
the same time, the 40Ar/39Ar data presented here
indicate that Green Bay Schist experienced
temperatures in excess of ~500°C at a depth of
~20 km (~7 kbars) (Figure 10A, B). From earliest
late Paleocene to early Eocene, Green Bay Schist
cooled much faster from a higher temperature
(~500°C to ~25°C, 60-50 Ma) than Westphalia
Schist (~250°C to ~200°C, 60-50 Ma, Abbott et
al., 2013; West et al., 2014) (Figure 10A). In this
same interval, Green Bay Schist was being uplifted
simultaneously with the burial of Westphalia Schist
beneath Wagwater and Richmond Formations
(Figure 10B).
The thickness of middle Eocene to Miocene
limestone varies from ~0.9 km (Draper, 2008) to
~2.8 km (Mann and Burke, 1990), which
translates to a maximum pressure of ~0.9 kbars
(3 km ~1 kbar) at the base of the limestone by the
end of tectonic stage 3 (Figure 10B). Assuming an
average geothermal gradient of ~100°C/kbar
(Spear, 1993), the temperature at the base of the
limestone at Green Bay (Figure 10A) would not
have exceeded ~100°C at 10-15 Ma (Abbott et al.,
2013), when limestone deposition ceased and
tectonic stage 4 transpression commenced (Draper,
2008).
9. DISCUSSION AND CONCLUSIONS
Immobile, incompatible trace-element patterns for
Westphalia Schist (West et al., 2014) and Green
Bay Schist (this study) are remarkably similar.
Collectively, the data strongly suggest that
Westphalia Schist and Green Bay Schist are
equivalent with respect to protolith composition,
confirming previous speculation (e.g., Kemp,
1971; Draper, 1979, 1987). The small
discrepancies in the trace-element patterns are
consistent with varying degrees of either fractional
melting in the magma source region or varying
degrees of fractional crystallization during magma
ascent. The tectonic environment for both involved
subduction of an ocean ridge. The original magmas
both classify as C-MORB. Immobile, incompatible
trace-element patterns for Mt. Hibernia Schist bear

no resemblance to those for Green Bay Schist and
Westphalia Schist. The trace-element data for Mt.
Hibernia Schist indicate a mantle-plume source. The
original magma classifies as P-MORB (West et al.,
2014).
Calculated P-T conditions for Green Bay Schist
(~500°C, ~7 kbars) are related to cooling and
decompression. The conditions are very similar to
retrograde conditions calculated for Westphalia
Schist (Abbott and Bandy, 2008), but the timing is
different (Figure 10A, B). Retrograde conditions
for Westphalia Schist occurred during the Late
Cretaceous, while the retrograde conditions for
Green Bay Schist occurred in the Paleocene/early
Eocene. Whereas Westphalia Schist was
demonstrably exposed at the surface by ~66 Ma,
Green Bay Schist was not exposed at the surface
until ~50 Ma.
The Wagwater and Richmond Formations are
missing at Green Bay, hence there is no depositional
record of stage 2 transtensional tectonics. East of
the Wagwater Fault, the minimum combined
thickness of the Wagwater and Richmond
Formations indicates a minimum displacement of
6.8 km (Mann and Burke, 1990) on the fault in
transtensional stage 2. However, the metamorphic
pressure calculated here for the Green Bay Schist
(~7 kbars) shows that the displacement on the
Wagwater Fault in transtensional stage 2 may have
been very much greater, at least ~20 km. Of course,
uplift of the Green Bay Schist in transtensional
stage 2 was not necessarily accommodated solely by
displacement on the Wagwater Fault. Some of the
uplift may have been accommodated by structures
yet to be discovered between Green Bay and the
Wagwater Fault. Nevertheless, we conclude that the
depth-time relationships in transtensional stage 2
(65-50 Ma, Figure 10B) are consistent with normal
motion on the Wagwater Fault, inasmuch as the
footwall (Green Bay Schist) moved up while the
hanging wall (Westphalia Schist) moved down.
Deposition of the Yellow and White Limestone
Groups in tectonic stage 3 (50-10 Ma, Figure 10B)
took place both to the east and west of the
Wagwater Fault. The combined thickness of the
limestone groups approaches ~2.8 km, (Mann and
Burke, 1990). It follows that in transpressional
stage 4, starting ~10 Ma, as much as 2.8 km of
uplift (~0.3 mm/y) has occurred at Green Bay. East
of the Wagwater Fault, the combined thickness of
the stage 2 redbeds (Wagwater and Richmond
Formations) and the stage 3 limestone (Yellow and
White Limestone Groups) indicates at least 9.6 km
of uplift (>1 mm/y) in transpressional stage 4
(Abbott et al., 2013; West et al., 2014). We
conclude that the stratigraphic control in
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transpressional stage 4 (10-0 Ma, Figure 10B) is
consistent with reactivation of the Wagwater Fault
with reverse motion, inasmuch as the upward
displacement of the footwall (Green Bay Schist) is
less than the upward displacement of the hanging
wall (Westphalia Schist). This is consistent with the
current paradigm regarding recent and ongoing
tectonic activity (e.g., Mann et al., 1985;
Robinson, 1994; Draper, 2008; DominguezGonzalez et al., 2015).
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