
 

Study Areas
•	Two Late Cretaceous Cordilleran batholiths exposed along the paleo-Pacific margins of N. 
America & Zealandia: 

•	Separation Point Suite (SPS), exposed on the northern tip of South Island, New Zealand 
and Stewart Island, New Zealand (Fig. 1A-B). 

•	The La Posta Pluton: Large, zoned, intermediate pluton in Eastern Peninsular Ranges 
Batholith (E. PRB) (Fig. 1C-D).

•	Both regions record high Sr/Y (>40), interpreted as evidence of melting of subducting 
oceanic slab (e.g. Defant & Drummond, 1990; Walawender et al., 1990), or melting 
of the deep crust within the stability field of garnet (e.g. Tulloch & Kimbrough, 
2003). This ratio has been used as a proxy to estimate crustal thickness during arc 
emplacement (e.g. Chiaradia, 2015; Chapman et al., 2015; Profeta et al., 2015).
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Introduction
PROBLEM: Bulk-rock geochemistry has long been used as a proxy to understand the 
formation of plutonic rocks, but single-mineral studies at convergent margins have shown 
modeled equilibrium melts for these minerals deviate significantly from bulk-rock chemistry 
in many locations (Coint et al., 2013; Barnes et al., 2019; Brackman & Schwartz, 2021; 
Carty et al., 2021). The discrepancy between these two melt models raises questions about 
the limits of our current understanding of magma processes at convergent boundaries. 

HYPOTHESIS: We hypothesize that the mismatch is due to open system behavior in 
magma systems whereby bulk-rock data records a history of crystal accumulation, melt 
expulsion and magma mixing. 

Figure 1A-D. A) Fiordland, New Zealand and igneous units of the Zealandia Cordillera. Separation Point Suite units 
shown in green and blue. Black boxes show extent of study area. B) Overview map of New Zealand. Deformed Median 
Batholith shown in red. C) Pensinsular Ranges Batholith in S. California and Baja, Mexico. Black box shows study area 
and extent of Fig. 1D. D) Geologic map of La Posta Pluton and surrounding units. Sample locations are marked by 
hollow circles and plutonic zones marked by dashed lines. Hbl-bt: hornblende-biotite facies; Lg. bt: large-biotite facies; 
Sm. bt: small-biotite facies; Mus-bt: muscovite-biotite facies.

Methods
•	Analyzed 88 igneous amphibole grains (24 in the La Posta Pluton and 64 in Separation Point Suite) 
•	1,207 40-µm spots analyzed via laser ablation sector field inductively-coupled plasma mass spectrometry 
(LA-SF-ICPMS) in rim-core-rim traverses for 34 trace elements.

•	Corresponding 1-µm spot analyzed via electron microprobe analysis (EMPA) by the University of Alabama, 
at the closest distance possible to each laser pit to collect major oxide data. 

Figure 3A-F (Above Left): Representative 
photomicrographs of amphibole grains from 
the La Posta Pluton. Left column in plane-po-
larized light, right column in cross-polarized 
light. 

Amphibole Composition & Classification
We filter our data following the methods of Werts et al., 2020, retaining 1,093/1,207 analyses. All 
regions show broadly similar distributions of SiO2 (wt. %) with an apparent bimodal distribution 
centered around 45 and 48 % (Fig. 7A). All regions have similar Ca (APFU) and Al (APFU), but 
the bimodality is also evident in other elemental bivariate plots, with multiple compositional groups 
visible in all regions (Figs. 7B, D, E). Crystallization temperatures range from ~850-650 °C (Fig. 7F).
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Bulk-Rock Compositions
Bulk-rock X-ray fluorescence (XRF) analyses from all three regions record compositions ranging from 
monzodiorites through granites (Fig. 6A). 

Bulk-rocks are:

•	 Peraluminous (Fig. 6B), with the 
majority of anlyses having ASI ranging 
from 1.1-1.5.

•	 Highly fractionated with Mg#s (molar) 
mostly <50 and SiO2 ranging from 53.1 - 
77.1 (wt. %) (Fig. 6C). 

•	 Most analyses show high-Sr/Y (>40) 
(Fig. 6D), commonly used as a proxy to 
help determine crustal thicknesses during 
the evolution of Cordilleran arcs (e.g. 
Chiaradia, 2015; Chapman et al., 2015; 
Profeta et al., 2015) as well as evidence 
for melting of subducting oceanic slab 
or garnet-bearing lower continental crust 
(Defant and Drummond, 1990; Martin 
et al., 2005; Moyen, 2009; Chiaradia, 
2015).

Amphibole-Equilibrium Melt Models
•	Using the chemometric equations of Zhang et al. (2017) to model major oxides, only 44.6% (488/1,093) 
analyses fit the calibration range (Si (APFU) < 7.0; T > 750 °C). Of these, 95/488 fall within the 
experimentally determined range for amphibole-melt equilibrium (Fe-MgKd) (Fig. 8A) (Putirka, 2016). 

•	Samples in the equilibrium range 
range deviate significantly from 
their bulk-rock counterparts. 
Red lines in Figs. 8B-F indicate 
1:1 relationship between bulk-
rock and amph-melt.

•	Melt trace-elements display steep 
light and middle REE patterns, 
but flat HREE slopes (Figs. 8G-
I), suggesting these amphiboles 
did not form with or from a 
garnet-bearing reservoir.

What Does High-Sr/Y Really Mean?
•	Our results suggest that the high-Sr/Y signature preserved in bulk-rock analyses is likely the result of 
mineral aggregation, as our melt models show both high-Sr/Y (261/1,093) and low-Sr/Y (832/1,093) 
signatures and are notably lacking in common evidence for garnet fractionation (Fig 9A).

•	Dy/Dy* trends suggest a strong amphibole control on melt fractionation, driving analyses towards 
the origin (see inset vectors in Fig. 9B).

•	Consistent with other single mineral equilibrium studies (e.g. Coint et al, 2013; Barnes et al., 
2019; Werts et al., 2020; Carty et al., 2021; Brackman & Schwartz, 2021).

Conclusions & Future Work
•	Amphibole-equilibrium melts from the La Posta Pluton in S. California and the Separation Point 
Suite in New Zealand do not show significant evidence of garnet control in their fractionation history, 
unlike bulk-rock analyses.

•	The high-Sr/Y signature in bulk-rock analyses from these regions appears to be a result of plagioclase 
mineral aggregation, NOT a primary melt feature.

•	Coupled with previous studies in the lower-crust of New Zealand (Brackman & Schwartz, 2021; 
Carty et al., 2021), this suggests that bulk-rock analyses from these regions are not good proxies for 
the original melts from which they formed.

•	 Taken together, our results imply that bulk-rock analyses may be a poor proxy for melts 
at any depth!

•	Future work will include geobarometry and thermometry to model emplacement temperatures 
and pressures based on amphibole compositions. 
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Figure 6A-D. 6A) Total alkali-silica (Na2O+K2O) vs SiO2 (wt. %) plutonic rock classification after Middlemost, 1994. 6B) Aluminum Satura-
tion Index (ASI) vs. SiO2 (wt. %) after Frost and Frost, 2008. 6C) Mg# (molar) vs. bulk-rock SiO2 (wt. %). 6D) Sr/Y vs bulk-rock Y (ppm).

Figure 7A-F: A) Distribution of SiO2 (wt. %) among analyses, separated by region. B) Mg# (molar) vs Si (atoms per formula unit = 
A.P.F.U.). C) Ca (A.P.F.U.) vs Si (A.P.F.U.). D) Ti (A.P.F.U.) vs Si (A.P.F.U.). E) Al (A.P.F.U.) vs Si (A.P.F.U.). F) Temp (°C) cal-
culated per Putirka (2006) Equation 5 vs Si (A.P.F.U.). Contour shades indicate 25%, 50%, and 75% density.

Figure 8A-I: A) Amph-Melt Fe-Mg exchange 
coefficient vs Bulk-rock SiO2 (wt. %). B) 
Amph-melt SiO2 (wt. %) vs Bulk-rock SiO2 
(wt. %). Red-line indicates 1:1 relationship. 
C) Amph-melt MgO vs Bulk-rock MgO. D)
Amph-melt CaO vs Bulk-rock CaO. E) Amph-
melt Al2O3 vs Bulk-rock Al2O3. F) Amph-melt 
TiO2 Bulk-rock TiO2. G-I) Amphibole-Melt/
Chondrite rare earth element diagrams for 
each region in this study. Gray lines indicate 
average high-Sr/Y bulk-rock analyses.

Figure 9A-B. A) Sr/Y vs Amphibole-equilibrium melt and bulk-rock Y(ppm). Bulk-rock distribution has significantly higher Sr/Y 
average than amphibole melts. B) Dy/Dy* vs Dy/Yb. Dy/Dy* calculation and fractionation vectors after Davidson, Turner, & 
Plank, 2013.
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Figure 4A-F (Above Center): Amphiboles 
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Figure 5A-F (Above Right): Representative 
amphiboles from Separation Point Suite, 
Stewart Island, New Zealand.
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