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ABSTRACT 16 

To better understand the role of slab melt in the petrogenesis of North Cascades 17 

magmas, this study focuses on petrogenesis of high-Mg lavas from the two northernmost 18 

active volcanoes in Washington. High-Mg andesites (HMA) and basaltic andesites (HMBA) 19 

in the Cascade Arc have high Mg# (molar Mg/(Mg+ Fe2+)) relative to their SiO2 contents, 20 

elevated Nd/Yb, and are Ni- and Cr-enriched. The rock units examined here include the Tarn 21 

Plateau HMBA (51.8–54.0 wt% SiO2, Mg# 68–70) and Glacier Creek HMA (58.3–58.7 wt% 22 

SiO2, Mg# 63–64) from the Mount Baker Volcanic Field, and the Lightning Creek HMBA 23 

(54.8–54.6 SiO2, Mg# 69–73) from Glacier Peak. This study combines major and trace 24 

element compositions of minerals and whole rocks to test several petrogenetic hypotheses, 25 

and determine which, if any, are applicable to North Cascades HMA and HMBA. In the Tarn 26 

Plateau HMBA, rare earth element (REE) equilibrium liquids calculated from clinopyroxene 27 

compositions have high Nd/Yb that positively correlate with Mg#. This correlation suggests 28 

an origin similar to that proposed for Aleutian adakites, where intermediate, high Nd/Yb 29 

slab-derived melts interact with the overlying mantle to become Mg-rich, and subsequently 30 

mix with low Nd/Yb, mantle-derived mafic magmas with lower Mg#. In the Glacier Creek 31 

HMA, elevated whole rock MgO and SiO2 contents resulted from accumulation of 32 

xenocrystic olivine and differentiation processes, respectively, but the cause of high Nd/Yb is 33 

less clear. However, high whole rock Sr/P (fluid mobile/fluid immobile) values indicate a 34 

mantle source that was fluxed by an enriched, hydrous slab component, likely producing the 35 

observed high Nd/Yb REE signature. The Lightning Creek HMBA is a hybridized rock unit 36 

with at least three identifiable magmatic components, but only one of which has HMA 37 
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characteristics. Cr and Mg contents in Cr-spinel and olivine pairs in this HMA component 38 

suggest that its source is a strongly depleted mantle, and high whole rock Sr/P values indicate 39 

mantle melting that was induced through hydration, likely adding the component responsible 40 

for the observed high Nd/Yb REE pattern. The elevated SiO2 contents (54.6 wt%) of the 41 

HMA component resulted from differentiation or high degrees of partial melting of 42 

ultramafic material through the addition of H2O. Therefore the Lightning Creek HMBA is 43 

interpreted to have originated from a refractory mantle source that underwent melting 44 

through interaction with an enriched slab component. Our results indicate that in addition to 45 

slab-derived fluids, slab-derived melts also have an important role in the production of HMA 46 

and HMBA in the north Cascade Arc.  47 

Keywords: High-Mg andesites, slab melt, clinopyroxene REE, Mount Baker, Glacier 48 

Peak 49 

 50 
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INTRODUCTION 52 

Mount Baker and Glacier Peak are the northernmost active volcanoes in the western 53 

United States. They are part of the Cascade volcanic arc that extends from northern 54 

California to southern British Columbia (Figure 1). Because the subducting oceanic plate 55 

below North America is young (approximately 10 Ma at the trench; Green and Harry 1999), 56 

the Cascade Arc is considered a “hot” subduction zone (905 ± 50°C beneath the North 57 

Cascades; Syracuse et al. 2010). Consequently, slab melting is feasible in the Cascade Arc 58 

(Leeman et al. 2004, 2005; Grove et al. 2005; Ruscitto et al. 2011), and studies involving 59 

magnesium-rich andesites from southern Cascade Arc volcanoes (e.g. Lassen region and 60 

Mount Shasta) have shown that slab fluids and melts clearly influence magma compositions 61 

(Borg et al. 2002; Grove et al. 2002; Walowski et al. 2015, 2016). Overview studies 62 

examining magma origin and processes in the northernmost part of the arc, the Garibaldi 63 

Volcanic Belt, suggest a decreased contribution from the subducting slab northward along 64 

strike with nominal inputs at Mount Meager (Green 2006; Mullen and Weis 2013, 2015). Of 65 

the five major the Garibaldi Volcanic Belt volcanic centers only the Mount Baker Volcanic 66 

Field, herein referred to as Mount Baker, received detailed attention on multiple lava types 67 

erupted through time. Studies involving Mount Baker magnesium-rich lavas conclude mafic 68 

magma generation occurs through partial mantle melting and fractionation (Baggerman and 69 

DeBari 2011; Moore and DeBari 2012), and a recent study advocates for slab (metabasalt + 70 

sediment) melt involvement (Mullen and McCallum 2014).  71 

Magnesian andesites or high-Mg andesites (HMA) are characterized by high Mg# 72 

(molar Mg/(Mg+Fe2+)) relative to their SiO2 concentrations, and are often used as inclusive 73 
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terms for the few types of magnesium-rich basalts through dacites, most notably adakites and 74 

boninites (Kay 1978; Crawford et al. 1989; Defant and Drummond 1990; Yogodzinski et al. 75 

1995; Stern and Kilian 1996; Calmus et al. 2003; Cooper et al. 2010). Adakites have a steep 76 

rare earth element (REE) pattern, due to heavy REE (HREE) depletion, light REE (LREE) 77 

enrichment, or both. Adakites are also Sr-enriched (>1000 ppm is common; Yogodzinski and 78 

Kelemen 1998; Martin et al. 2005), and their origin is often attributed to partial melting of 79 

subducted oceanic crust (Kay 1978; Defant and Drummond 1990; Yogodzinski et al. 2001; 80 

Kelemen et al. 2003; Tatsumi and Hanyu 2003; Tatsumi et al. 2003). Boninites are 81 

characterized by low TiO2 contents (< 0.5 wt%) and high field strength elements (HFSE) 82 

depletion, and are associated with shallow (< 50 km) hydrous melting of depleted mantle in 83 

supra-subduction or rift settings (Crawford et al. 1989; Kim and Jacobi 2002; Falloon et al. 84 

2008). In this study we use HMA to reference high-Mg andesites and basaltic andesites 85 

(HMBA) from the Cascade Arc that have affinities to primitive adakites. These HMA and 86 

HMBA are rich in Cr and Ni and contain mafic minerals in equilibrium with mantle rocks 87 

(Clynne and Borg 1997; Yogodzinski et al. 2001; Taylor 2001; Grove et al. 2002; 88 

Baggerman and DeBari 2011; Moore and DeBari 2012; Mullen and McCallum 2014).  89 

Though volumetrically sparse, HMA are found in arc setting worldwide and studies 90 

examining their origin are essential to understanding magma-generating processes (Defant 91 

and Drummond 1990; Stern and Kilian 1996; Calmus et al. 2003; Tatsumi et al. 2003). 92 

Proposed HMA origins include (1) mixing between Mg-rich, high Sr and high Nd/Yb slab 93 

melts and mantle-derived basalt (Yogodzinski and Kelemen 1998, 2007; Yogodzinski et al. 94 

2001; Kelemen et al. 2003); (2) mixing between silicic melts of strongly metasomatized 95 
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mantle and mafic melts of moderately metasomatized to unmetasomatized mantle (Straub et 96 

al. 2008, 2011); (3) melting of a strongly depleted mantle fluxed by a hydrous (± melt) slab 97 

component (Kushiro 1969; Clynne 1993; Borg et al. 1997; Clynne and Borg 1997; Grove et 98 

al. 2002, 2005); (4) fractionation of garnet from mantle-derived basaltic melts, without 99 

significant slab input (Macpherson et al. 2006); (5) crustal processes including mixing 100 

between dacitic crustal melts and a high-Mg basaltic liquid, melting-assimilation-storage-101 

homogenization (MASH), and assimilation-fractional-crystallization (AFC; Streck et al. 102 

2007; Stern and Kilian 1996; Richards and Kerrich 2007; Chiaradia et al. 2009).  103 

Here we investigate rare HMA and HMBA from Mount Baker and Glacier Peak in 104 

the northern Cascade Arc, and constrain the influence of the subducting slab on their origin 105 

through analyses of new mineral geochemical data combined with existing whole rock data. 106 

In particular, clinopyroxene REE compositions and their associated calculated equilibrium 107 

liquids provide a powerful tool to constrain mantle versus slab or crustal inputs to magma 108 

generation. From Mount Baker, the Tarn Plateau HMBA and the Glacier Creek HMA were 109 

investigated. Mullen and McCallum (2014) also discuss Cathedral Crag as a Mount Baker 110 

HMBA, but in a previous study by Moore and DeBari (2012) only a single Cathedral Crag 111 

sample exhibits high Mg# relative to SiO2, which the authors attribute to olivine 112 

accumulation. Samples from this rock unit also contained heterogeneous mineral 113 

assemblages indicative of extensive crustal involvement. Therefore this rock unit was not 114 

investigated here. From Glacier Peak, the Lightning Creek HMBA was investigated. Though 115 

this rock unit also contains andesitic samples (>57 SiO2 wt%), DeBari et al. (in review) show 116 

that the Lightning Creek HMA is a mixing product between the Lightning Creek HMBA and 117 
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crustally-derived Glacier Peak dacitic magma. Therefore this study focuses on the origin of 118 

the more primitive (~55–57 wt% SiO2) Lightning Creek samples.  119 

GEOLOGIC SETTING 120 

The Cascade Arc extends over 1,200 km from Lassen Peak in California to Mount 121 

Meager in Canada, and volcanism is associated with subduction of the Juan de Fuca Plate 122 

beneath the North American Plate at a rate of 45 mm/year in the northern segment (Wilson 123 

1993; McCrory et al. 2006, 2012; Figure 1). Subduction conditions in the northern Cascade 124 

Arc include a slab dip of 22°, overlying crustal thickness of 35 km, subduction of an 125 

approximately 0.4 km thick sediment package (Syracuse et al. 2010), and thrust temperatures 126 

upwards of 200°C at the trench (Oleskevich et al. 1999). The age of the Juan de Fuca Plate 127 

beneath Mount Baker and Glacier Peak is interpreted to be roughly 20 Ma (Green and Harry 128 

1999).  129 

Mount Baker (3,286 m) is an active, primarily andesitic stratovolcano that is part of a 130 

1.3 million year old volcanic field (Hildreth et al. 2003). The Tarn Plateau HMBA is a 131 

clinopyroxene-rich flow with lesser plagioclase, olivine, and orthopyroxene (Table 1). The 132 

Tarn Plateau HMBA outcrop is an erosional remnant of a flow that is ~170 m thick, ~500 m 133 

long and located on the southern flanks of Mount Baker (Supplementary Materials Figure 1). 134 

The Tarn Plateau HMBA has a K-Ar age of 203 ± 25 ka (Hildreth et al. 2003). The Glacier 135 

Creek HMA is plagioclase-rich with lesser clinopyroxene, orthopyroxene, and olivine (Table 136 

1). Several discontinuous outcrops of this rock unit are present along the northwestern slope 137 

of Mount Baker in Glacier Creek canyon (Supplementary Materials Figure 1). This rock unit 138 

has a K-Ar age of 14 ± 9 ka (Hildreth et al. 2003).  139 
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Glacier Peak (3,213 m) is a dominantly dacitic stratovolcano located roughly 90 km 140 

southeast of Mount Baker (Figure 1). The Lightning Creek HMBA is plagioclase-rich with 141 

lesser clinopyroxene, olivine, and orthopyroxene (Table 1). The columnar jointed outcrop is 142 

~400 m in length and is located 10 km southeast of Glacier Peak’s summit (Supplementary 143 

Materials Figure 2). Based on known Glacier Peak eruptive activity and evidence for glacial 144 

interaction during emplacement, the Lightning Creek unit has been interpreted to be 145 

Pleistocene in age, but the absolute age remains unknown (Tabor and Crowder 1969).  146 

ANALYTICAL METHODS 147 

A total of 11 samples, out of 23 previously analyzed for whole rock composition 148 

(Taylor 2001; Baggerman and DeBari 2011; Moore and DeBari 2012), were selected for this 149 

study based on their SiO2 content and Mg# (with FeO = 0.80*FeOT for Mount Baker and 150 

0.85*FeOT for Glacier Peak; Shaw 2011; Moore and DeBari 2012). Major and minor element 151 

concentrations were determined for olivine, clinopyroxene, plagioclase, Cr-spinels, and Fe-Ti 152 

oxides (Supplementary Materials Tables 1–4) at the University of Washington using a JEOL 153 

733 Superprobe electron microprobe (EMP) with four wavelength dispersive spectrometers 154 

(WDS) and one energy dispersive spectrometer (EDS). Standards were an array of natural 155 

and synthetic minerals and glasses. A 15 kV accelerating voltage was used for all minerals. 156 

Beam conditions were 15 nA current and < 1 µm diameter spot size for olivine, pyroxene, 157 

and oxides, and 10 nA current and 3 µm diameter spot size for plagioclase. Element peak 158 

counts were 20–40 s, or the length of time required to obtain a statistical error of 0.4%. 159 

Analytical error is < 3% for major elements and < 17% for minor elements. The CITZAF 160 

correction method of Armstrong (1988a, 1988b) was applied to the data. Qualitative energy 161 
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dispersive X-ray spectroscopy (EDS) analyses of additional Tarn Plateau plagioclase and 162 

Lightning Creek clinopyroxene and olivine were done using an EDAX Genesis 2000 163 

attached to a Tescan Vega 5136MM SEM at Western Washington University 164 

(Supplementary Materials Table 5). Accelerating voltage was 15 kV and current was 50–55 165 

µA. For EDS data to be compared to EMP data, EMP analyses were used as calibration 166 

standards. This was done by reanalyzing EMP spots using EDS and calculating the difference 167 

between the two analyses. The differences were averaged and used to correct EDS analyses. 168 

Reanalysis and data corrections were done for every sample to obtain the best results. 169 

Qualitative EDS data were not used in models or to calculate any crystallization parameters.  170 

Trace element concentrations in clinopyroxene (Table 2) were obtained at Western 171 

Washington University using an Agilent 7500ce Quadrupole inductively-coupled plasma-172 

mass spectrometer (ICP-MS) coupled with a NewWave UP213nm laser ablation (LA) 173 

system. Clinopyroxene grains were 0.5–2.0 mm in length and ablation spots were dominantly 174 

55 µm in diameter, with a few 40 µm diameter rim analyses. All analyses were done with a 175 

repetition rate of 10 Hz and fluence of approximately 15 J/cm3. Helium was used as the 176 

carrier gas to transport ablated material and was mixed with Ar prior to entering the ICP-MS 177 

torch. Ablation sites were chosen using transmitted light microscopy to avoid accidental 178 

analysis of inclusions, and backscattered electron (BSE) imaging and EDS analyses were 179 

used to identify specific growth zones. NIST 610 glass was the external standard used, with 180 

element concentrations from Jochum et al. (2011). Data reduction was carried out using 181 

SILLS (Guillong et al. 2008) with equations from Longerich et al. (1996). Analyzed trace 182 

isotopes and their respective typical detection limits at 55 µm include 88Sr (0.035 ppm), 139La 183 
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(0.025 ppm), 140Ce (0.027 ppm), 141Pr (0.022 ppm), 146Nd (0.128 ppm), 147Sm (0.150 ppm), 184 

153Eu (0.041 ppm), 157Gd (0.138 ppm), 159Tb (0.022 ppm), 163Dy (0.091 ppm), 165Ho (0.024 185 

ppm), 166Er (0.067 ppm), 169Tm (0.022 ppm), 172Yb (0.105 ppm), 175Lu (0.022 ppm). 186 

Additional elements, such as P, Zr, Sn, Pb, and U, were also analyzed to monitor for the 187 

accidental analysis of inclusions. All LA-ICP-MS spots were located on previously acquired 188 

microprobe spots, and SiO2 contents acquired via EMP were used as an internal standard 189 

(specific per spot with 0.39 wt% average LA-ICP-MS detection limits). 190 

Three new whole rock samples were analyzed for major and trace element chemistry 191 

(Table 3) at the Washington State University GeoAnalytical Laboratory. These samples 192 

represent three distinct mingled magmas observed in a single Lightning Creek sample 193 

(Supplementary Materials Figure 3). Major element oxides and trace element concentrations 194 

were determined by X-ray fluorescence (XRF) analyses using a ThermoARL Advant’XP + 195 

sequential XRF spectrometer. Additional trace element concentrations were determined using 196 

an Agilent 7700 ICP-MS. Analytical error is < 3% for major elements and < 9% for trace 197 

elements. XRF and ICP-MS sample preparation followed the methods described in Knaack et 198 

al. (1994) and Johnson et al. (1999).  199 

One Glacier Creek sample was analyzed for Sr, Nd, and Pb isotopes using a VG 200 

Sector 54 thermal ionization mass spectrometer (TIMS) and a Nu plasma multi-collector 201 

(MC) ICP-MS at the University of Washington (Table 4). Sr and Nd separations were done 202 

in accordance with Nelson (1995), and analytical procedures are fully described in Gaffney et 203 

al. (2007), Harkins et al. (2008), and Brach-Papa et al. (2009). The following values were 204 

used to normalize measured isotopic ratios, NBS 987 for 87Sr/86Sr (0.710240), La Jolla for 205 



11 
 

143Nd/144Nd (0.511843), and NIST-981 for 208Pb/204Pb (36.721), 207Pb/204Pb (15.491), and 206 

206Pb/204Pb (16.937). Long term reproducibility (at 2σ) is ± 0.000040 for Sr, ± 0.000030 for 207 

Nd, ± 0.000125 for 206/204Pb, ± 0.000150 for 207/204Pb, and ± 0.000200 for 208/204Pb. 208 

RESULTS 209 

Petrography and Mineral Compositions  210 

All three rock units are porphyritic with 20–35% phenocrysts. Phenocryst 211 

assemblages are clinopyroxene and plagioclase dominant with variable amounts of olivine 212 

and orthopyroxene. Mineral populations were determined using textures, zoning trends, core 213 

compositions (Mg#, Fo, An), and, for clinopyroxene, trace element abundances. 214 

Compositional and textural mineral population variations are summarized in Table 1. 215 

Olivine, pyroxene, and plagioclase major and minor element analyses are presented in 216 

Figures 2–4 and Supplementary Materials Tables 1–3, respectively. Photomicrographs of 217 

textural features are shown in Supplementary Materials Figure 4. 218 

Tarn Plateau. The Tarn Plateau basaltic andesite contains 30–35% phenocrysts in 219 

hypocrystalline groundmass (Table 1). Clinopyroxene (40–65% of phenocrysts) is euhedral 220 

to subhedral and 0.25–3.0 mm in size. Compositions are divisible into two Mg# populations, 221 

high Mg# (88–94) cores with normal and reverse zoning in the rims, and low Mg# (73–79) 222 

cores with reversely zoned rims. Clinopyroxene Cr contents (140–4500 ppm) are positively 223 

correlated with Mg#. Plagioclase (25–45%) is euhedral to anhedral and 0.25–5.0 mm in size. 224 

Plagioclase core compositions consist of a coarsely sieved, high An (83–88) group and a 225 

finely sieved, mid An (54–58) group. Olivine (10–20%) is euhedral to anhedral, up to 3.0 226 
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mm in size, and comprises a mid Fo (84–85) cores group and a low Fo (78–81) cores group. 227 

Core Fo contents do not correlate with whole rock Mg# or olivine core Ni contents (800–228 

1600 ppm; Figure 5). Olivine with mid Fo contains Cr-spinel inclusions with Cr# 47– 57 229 

(molar Cr/(Cr+Al)) and Mg# 31–35, and olivine with low Fo contains Cr-spinel inclusions 230 

with Cr# 50–66 and Mg# 21–38. Mullen and McCallum (2014) conclude a single Tarn 231 

Plateau olivine population despite compositional variations. Orthopyroxene (< 3%) is sparse, 232 

subhedral, 0.5–1.0 mm in size, and has Mg# 68–70 cores. Mullen and McCallum (2014) also 233 

identified a remnant, mantle-equilibrium orthopyroxene xenocryst (Wo2En92Fs6) with high 234 

Al contents that is present as an inclusion in clinopyroxene. The groundmass consists of 235 

glass, ilmenite, titanomagnetite, microlitic plagioclase, pyroxene granules, and iddingsite.  236 

Glacier Creek. The andesite of Glacier Creek contains 20–25% phenocrysts in a 237 

hypocrystalline groundmass (Table 1). Plagioclase (50–70% of phenocrysts) is euhedral to 238 

anhedral and 0.5–4.0 mm in size with an unsieved to coarsely sieved population and a finely 239 

sieved population. There is no apparent correlation between textures and core An contents, 240 

which overlap between the two populations (43–58 and 43–54, respectively). Clinopyroxene 241 

(10–23%) is euhedral to anhedral, 0.25–2.0 mm in size, with Mg# 76–80 and 70–490 ppm Cr 242 

cores, and reversely zoned rims. Mg# and Cr contents in clinopyroxene show no correlation 243 

in analyzed cores and a positive correlation in analyzed rims. Orthopyroxene (10-20%) is 244 

euhedral to subhedral, up to 1.5 mm in size, and has Mg# 70–73 cores. Olivine (3–7%) is 245 

subhedral to anhedral and 0.5–2.0 mm in size. Olivine cores are Fo72-86 with high Ni contents 246 

(1700–4100 ppm; Figure 5) and represent a single population (see Discussion). Cr-spinel 247 
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inclusions are abundant in olivine and have Cr#s 55–77 and Mg#s 12–36. Glass, pyroxene 248 

granules, microlitic plagioclase, ilmenite, and titanomagnetite comprise the groundmass.  249 

Lightning Creek. The Lightning Creek basaltic andesite, also referred to as 250 

hybridized magmatic component or hybrid Lightning Creek unit, has 20–30% phenocrysts in 251 

a hypocrystalline groundmass (Table 1). Plagioclase (40–60% of phenocrysts) is euhedral to 252 

subhedral, up to 4.3 mm in length, and has three populations, (1) finely sieved cores with mid 253 

An (65–66 with An48 outlier), (2) finely sieved rims with low An cores (42–44), and (3) 254 

coarsely sieved with variable An (47–89). Clinopyroxene (20–30%) is euhedral to anhedral 255 

and 0.3–1.5 mm in size. Clinopyroxene cores are divisible into a high Mg# (86–89) 256 

population with variable Cr (550–2700 ppm, positively correlated) and a mid Mg# (80–84) 257 

population with low Cr (100–460 ppm, no correlation). Both clinopyroxene populations 258 

exhibit normal and reverse zoning. Olivine (15–20%) is mostly euhedral, 0.25–3.5 mm in 259 

size, and has high core Fo (89–90) that is positively correlated with Ni (1800–3900 ppm; 260 

Figure 5). Rare, heavily embayed, Fo80 olivine grains are also present. Cr-spinel inclusions in 261 

olivine have Cr# 48–65 and Mg# 35–55.  Orthopyroxene (5–10%) is subhedral to anhedral, 262 

has Mg# 77–82 cores, and consists of small (≤ 1.0 mm) crystals, though some larger, 263 

elongate crystals are present. The groundmass contains titanomagnetite, glass, and 264 

plagioclase that varies from microlitic to tabular.  265 

Lightning Creek Inclusions. Two types of volcanic inclusions, one mafic and one 266 

intermediate, are sparsely present in the Lightning Creek unit. Both inclusions are small 267 

(roughly 3 by 5 cm), and while disaggregated inclusion material is observed in all samples 268 

they are only present as individual, distinct inclusions in a single sample (Supplementary 269 
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Materials Figure 3). The mafic inclusion contains 5–7% phenocrysts of olivine and 270 

clinopyroxene (Table 1). Olivine (75–85% of phenocrysts) is euhedral to subhedral, 0.25–1.1 271 

mm in diameter, and is compositionally similar (Fo 88–89; Figure 2) to the olivine found in 272 

the hybridized magmatic component. Clinopyroxene (15–25%) is subhedral, small (≤ 0.5 273 

mm), and is compositionally comparable to the high Mg# clinopyroxene found in the 274 

hybridized magmatic component (Mg# 87; Figure 3). The groundmass is nearly 275 

holocrystalline and contains zoned microlitic plagioclase, clinopyroxene granules, acicular 276 

ilmenite, and some glass. The intermediate inclusion is porphyritic with 40–50% 277 

phenocrysts, which occur in clots (Table 1). Plagioclase (70–80% of phenocrysts) is euhedral 278 

to anhedral, variable in size (0.4–3.6 mm), and is An47. Orthopyroxene (10–15%) is 279 

subhedral to anhedral, 0.5–2.0 mm in size, and has Mg# 65–70 cores. Clinopyroxene (5–280 

10%) is subhedral to anhedral, 0.25–1.0 mm in size, has Mg# 75–80 cores, and exhibits 281 

reverse zoning. Both pyroxenes contain abundant oxide inclusions. Olivine (5%) is anhedral, 282 

up to 0.5 mm in size, and has Fo 78–82 cores. The groundmass is hypocrystalline with 283 

acicular to bladed ilmenite and titanomagnetite, tabular to microlitic plagioclase, and glass.  284 

Whole Rock Geochemical Data 285 

Whole rock analyses were reported by Moore and DeBari (2012) and Mullen and 286 

McCallum (2014) for the Tarn Plateau HMBA, Baggerman and DeBari (2011) for the 287 

Glacier Creek HMA, and Taylor (2001) for the hybrid Lightning Creek HMBA. The rock 288 

units are subalkaline and calcalkaline per Irvine and Baragar (1971) and fall in the medium-K 289 

range of Gill (1981). New Lightning Creek analyses of a basaltic andesite mafic inclusion, an 290 
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andesitic intermediate inclusion, and a hybridized magmatic component are presented in 291 

Table 3. These three samples are also calcalkaline and fall in the medium-K range. 292 

Select major elements are shown in Figure 6. Tarn Plateau HMBA has 51.8–54.0 293 

wt% SiO2 and Mg# 68–70, and the Glacier Creek HMA has 58.3–58.7 wt% SiO2 and Mg# 294 

63–64. Hybrid Lightning Creek HMBA has 54.8–56.4 SiO2 and Mg# 70–73, the mafic 295 

inclusion has 54.6 wt% SiO2 and Mg# 72, and the intermediate inclusion has 57.3 wt% SiO2 296 

and Mg# 61. Except for the most mafic Tarn Plateau sample, all three rock units display 297 

typical major element behavior observed in calcalkaline lavas, wherein Na2O increases and 298 

MgO and CaO decrease with SiO2. Notable trace element contents and ratios include high Sr 299 

(≥ 770 ppm) and moderate Y (15–19 ppm) and Ba/Zr (2–4) in all three units, high Ni (≥ 67 300 

ppm) in the Glacier Creek and Lightning Creek units, and high Cr (≥ 200 ppm) in the Tarn 301 

Plateau and Lightning Creek units. The Lightning Creek mafic inclusion is compositionally 302 

similar to hybrid Lightning Creek samples but has higher Sr (930 ppm) and Cr (290 ppm) 303 

contents. In contrast, the intermediate inclusion has higher Y (22 ppm) and lower Ni (64 304 

ppm), Sr (600 ppm), and Cr (110 ppm) contents. Both inclusions have lower Ba/Zr (2) than 305 

hybrid Lightning Creek samples. Though hybrid Lightning Creek samples often plot between 306 

the mafic and intermediate inclusions, a clear mixing trend is not observed (Figures 6–7). 307 

However, evidence for mixing between primitive Lightning Creek HMBA samples and a 308 

crustally-derived dacitic endmember, and the production of the Lightning Creek HMA (57.3–309 

58.0 wt% SiO2, not shown here), are discussed in DeBari et al. (in review).   310 

A primitive mantle-normalized diagram (Figure 8a) shows the characteristic 311 

enrichments in large ion lithophile elements (LILE: Cs, Rb, Ba, Th, U, K, and Sr) that are 312 
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typical of subduction-related magmatism. HREE depletions resulting in high Nd/Yb (≥ 10; 313 

Figure 7a) are observed in the North Cascades HMA and HMBA, but are less pronounced 314 

than depletions in Aleutian adakites (Nd/Yb ≥ 55; Figure 7a), which are also more enriched 315 

in LREE (Figure 8b). Mount Shasta primitive HMA (PMA; Grove et al. 2002) has lower 316 

HREE contents than the North Cascades units, but its Nd/Yb ratio (~12) and Sr contents 317 

(~800 ppm) are similar (Figure 7a). Compared to non-HMA calcalkaline basalts (CAB) and 318 

dacites from their respective volcanic field, the North Cascades units exhibit steeper REE 319 

patterns (Figure 8c–d). In the Mount Baker units this steepness is due to relative depletions in 320 

HREE compared to non-HMA units. In the Glacier Peak unit, the relative steepness is more a 321 

result of LREE enrichment compared to non-HMA rather than HREE depletion.  322 

Isotopic compositions. Sr, Nd, and Pb isotopic compositions of the Tarn Plateau and 323 

Lightning Creek HMBA have been previously analyzed by DeBari et al. (in review), Moore 324 

and DeBari (2012), and Mullen and McCallum (2014), and a new Glacier Creek HMA 325 

analysis is presented in Table 4. Isotopic compositions of the three rock units are comparable 326 

to those of non-HMA primitive lavas from Mount Baker and Glacier Peak (Figure 9). 327 

Clinopyroxene Trace Element Data 328 

Trace element (REE and Sr) concentrations in clinopyroxene are presented in Table 329 

2. REE abundances in analyzed clinopyroxene correlate with their respective whole rock 330 

SiO2 contents; the most SiO2-poor rock unit, Tarn Plateau, has the lowest clinopyroxene REE 331 

abundances, and the most SiO2-rich rock unit, Glacier Creek, has the highest clinopyroxene 332 

REE abundances (Figure 10). Clinopyroxene cores from both Mount Baker units show a 333 
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negative correlation between Mg# and Yb contents (Figure 11a), and cores from all three 334 

units show a positive correlation between Mg# and Sr contents (Figure 11c). 335 

Measured clinopyroxene REE ratios were compared to calculated equilibrium 336 

clinopyroxene REE ratios (Nd/Yb) that were derived using clinopyroxene/liquid partition 337 

coefficients (Kds) and whole rock trace element data. We call the calculated ratios REE 338 

Equilibrium Clinopyroxene (REC). We present REC as Chondrite-normalized Nd/Yb, 339 

(Nd/Yb)REC = [(NdKd/YbKd) * average (Nd/Yb)N whole rock]. Kds were selected based on whole 340 

rock SiO2 and H2O contents, mineral assemblages, pressure conditions, and number of Kds 341 

available. Kds were taken from Gaetani et al. (2003; hydrous spinel peridotite) for the Tarn 342 

Plateau and Lightning Creek HMBA and Fujimaki et al. (1984; semi-hydrous calcalkaline 343 

andesite) for the Glacier Creek HMA (Table 5). (Nd/Yb)N was also used to determine if steep 344 

clinopyroxene REE signatures are associated with high or low Mg# in the same 345 

clinopyroxene (Figures 11b and 12). In addition, we calculated REE Equilibrium Liquid 346 

(REL) compositions using the same Kds, and compared individual clinopyroxene REE 347 

patterns to whole rock REE patterns (Figure 13). 348 

Tarn Plateau clinopyroxene exhibit a positive correlation between clinopyroxene Mg# 349 

and (Nd/Yb)N (Figures 11b and 12), and clinopyroxene REE patterns are more variable than 350 

expected for crystals equilibrated with a single parent melt. Distinct trends are identified 351 

when grains are separated into their Mg# groups (Figures 11 and 13a). REL of high Mg# 352 

clinopyroxene have steeper REE patterns than the whole rock, and differences between core 353 

and rim REL are generally minimal. High Mg# clinopyroxene also has the highest Sr 354 

contents (Figure 11c), indicating that the higher Nd/Yb and Mg# component is Sr-enriched. 355 
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REL of low Mg# clinopyroxene generally have similar REE trends as the host rock, and 356 

lower Sr contents.  357 

Glacier Creek clinopyroxene has a narrow range of (Nd/Yb)N values, and does not 358 

exhibit a correlation between Mg# and (Nd/Yb)N (Figure 11b). In most cases, REL calculated 359 

from clinopyroxene cores and rims are higher and slightly steeper than the host rock, and 360 

show no variation despite pronounced Mg# increase in rims (Figure 13b). Though there is a 361 

slight increase in Sr with Mg# (up to Mg# 81; Figure 11c), the highest Mg# rims have 362 

comparable Sr contents relative to their lower Mg# cores, demonstrating no clear correlation 363 

between Mg# and Sr. This clinopyroxene has Eu depletion in both cores and rims, indicating 364 

co-crystallization with plagioclase throughout its crystallization history (Figures 10 and 13b).  365 

Due to abundant mineral and glass inclusions in Lightning Creek clinopyroxene, core 366 

and rim analysis pairs were only successfully obtained for the high Mg# clinopyroxene in the 367 

hybridized magmatic component. Measured (Nd/Yb)N values of high Mg# clinopyroxene 368 

cores plot at higher (Nd/Yb)N than calculated REC of the hybrid Lightning Creek unit and 369 

mafic inclusion (Figure 11b). There is also no clear correlation between Mg# and (Nd/Yb)N 370 

in this clinopyroxene. Core and rim REL of this population show similar HREE abundances 371 

relative to the host rock, but are consistently more LREE-enriched (Figure 13c). As a result, 372 

REL of the high Mg# clinopyroxene population have steeper REE signatures compared to the 373 

whole rock. Sr contents in the high Mg# clinopyroxene show a moderately positive 374 

correlation with Mg# (Figure 11c). This indicates that Sr contents are correlated with Mg# 375 

and steeper Nd/Yb in the Lightning Creek hybridized magmatic component.  376 

DISCUSSION 377 
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Crystallization Conditions 378 

Temperature and Pressure. We use olivine and pyroxene thermobarometers to 379 

determine crystallization conditions of primitive components. Whole rock data were used for 380 

liquid compositions, and only phenocrysts in equilibrium with the whole rock were used for 381 

thermobarometry. Results, equilibrium Kds, and number of minerals used in calculations are 382 

listed in Table 6, and minimum values are listed below. A two-pyroxene thermobarometer 383 

(Putirka 2008) was used for the Glacier Creek (1,009 ± 56°C, 3.1 ± 2.8 kbar) and hybridized 384 

Lightning Creek units (999 ± 56°C, 1.6 ± 2.8 kbar). A clinopyroxene-liquid thermobarometer 385 

(Putirka 2008) was used for the Tarn Plateau unit because of the paucity of orthopyroxene. 386 

Tarn Plateau high Mg# clinopyroxene yielded a temperature of 1,087 ± 42°C and pressure of 387 

8.3 ± 3.6 kbar, but low Mg# clinopyroxene is not in equilibrium with the whole rock and was 388 

therefore not used for thermobarometry (Figure 3b). Calculations are within range of 389 

previously reported conditions by Baggerman and DeBari (2011), Moore and DeBari (2012), 390 

and Mullen and McCallum (2014). The Lightning Creek mafic inclusion has no analyzed 391 

clinopyroxene, thus the olivine-liquid thermometer of Putirka (2008) was used, and yielded a 392 

temperature of 1,192 ± 43°C. The whole rock silica activity geobarometer of Putirka (2008) 393 

yielded an equilibrium pressure of 5.9 ± 2.9 kbar for the mafic inclusion. These results 394 

suggest similar equilibration temperatures for all units, except for the higher temperature of 395 

the Lightning Creek mafic inclusion. Depth differences between the units cannot be 396 

distinguished due to the high error associated with calculated equilibrium pressures. 397 

H2O Contents. We use the Mitchell and Grove (2015) primitive andesites model to 398 

obtain H2O contents (Table 7). This model uses whole rock data and a fixed pressure to 399 
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calculate temperature and H2O contents with mean average errors of ± 23°C and ± 1.4 wt%, 400 

respectively. Only some samples from the Tarn Plateau and Lightning Creek HMBA had 401 

suitable compositional characteristics for this model (Mg# ≥ 70, SiO2 ≥ 51 wt%, MgO ≥7 402 

wt%, K2O ≤ 3 wt%, TiO2 ≥ 0.4 wt%). Temperatures yielded by the model were consistently 403 

lower than those calculated using mafic minerals (Table 6). Tarn Plateau samples yielded 404 

minimum H2O contents of 5.8 wt%. Hybridized Lightning Creek samples yielded minimum 405 

H2O contents of 2.3 wt%, and the Lightning Creek mafic inclusion sample yielded 4.3 wt% 406 

H2O. These H2O contents are within range of other Cascades and global primitive andesites 407 

presented in Mitchell and Grove (2015), but are higher than previous results for Tarn Plateau 408 

HMBA from Moore and DeBari (2012; 4.0 wt% H2O) and Mullen and McCallum (2014; 3.4 409 

wt% H2O), and for Lightning Creek HMBA from Taylor (2001; 2.2 wt% H2O). These earlier 410 

studies used plagioclase and whole rock compositions to calculate H2O contents (Sisson and 411 

Grove 1993; Lange et al. 2009). Calculations done for this study using the Lange et al. 412 

(2009) plagioclase hygrometer also yielded lower values for the Tarn Plateau and Lightning 413 

Creek HMBA (2.6–3.1 and 1.5–2.2 ± 0.32 wt% H2O, respectively) and yielded 1.6–2.4 wt% 414 

± 0.32 H2O for the Glacier Creek HMA, all of which are similar to Sisson and Grove (1993) 415 

model estimates (Table 7). However, since both of these methods yield H2O contents during 416 

plagioclase crystallization they may not reflect the H2O content of the primitive magmas.  417 

Normalized whole rock Sr/P ratios of the HMA and HMBA were also examined 418 

because (Sr/P)N has been shown to correlate with H2O contents (Figure 14; Borg et al. 1997). 419 

Since Sr is fluid-mobile and P is fluid-immobile, high (Sr/P)N contents (≥ 3.3; Clynne and 420 

Borg 1997) indicate a hydrous source. (Sr/P)N values in all three rock units are higher than 421 
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those of non-HMA from their respective volcanic fields (> 3.3 in the Mount Baker units and 422 

the Lightning Creek mafic inclusion compared to < 2.5 in the non-HMA units). 423 

Role for Garnet Fractionation  424 

Most hypotheses for HMA origin include an important role for the involvement of 425 

residual garnet as the driver for steep REE patterns (Stern and Kilian 1996; Yogodzinski and 426 

Kelemen 1998, 2007; Kelemen et al. 2003; Martin et al. 2005; Macpherson et al. 2006). 427 

There is no textural evidence (i.e. remnant garnet phenocrysts) for the presence of 428 

fractionating garnet in the HMA and HMBA studied here, nor is there preserved mineral 429 

geochemical evidence as even the most primitive clinopyroxene indicates crystallization 430 

from a parental magma that already had a steep REE pattern. Specifically, there is no 431 

progressive change from flat to steep REE patterns in clinopyroxene phenocrysts that would 432 

indicate garnet co-crystallization. If garnet crystallized early, that mineral, and any other co-433 

crystallizing phases, would have to have been completely removed via fractionation. 434 

Nonetheless, the feasibility of this hypothesis was examined using simple mass-balance 435 

fractionation modeling. The modeling tests whether the HMA and HMBA can be produced 436 

from a typical Cascades CAB through high pressure fractional crystallization of a pyroxene, 437 

garnet, and amphibole assemblage, as hypothesized by Macpherson et al. (2006). This 438 

mineral assemblage (±olivine) is predicted in a hydrous, high pressure arc setting (> 3 wt% 439 

H2O and 1.2 GPa; Müntener et al. 2001) such as that in the northern Cascade Arc, where the 440 

arc crust is ~35 km thick (Syracuse et al. 2010). North Cascades CAB from Mount Baker and 441 

Glacier Peak were selected as parents for modeling based on their primitive compositions.  442 
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Modeling results show that major element compositions of the HMA and HMBA are 443 

not reproducible via fractionation of a pyroxene, olivine, and garnet ±amphibole assemblage 444 

using regional primitive CAB compositions as parents (Figure 15e–f). Though HMA and 445 

HMBA Sr/Y, Y, and LREE contents can be reproduced using the Mount Baker CAB (Lake 446 

Shannon, 50.7 wt% SiO2, Mg# 62; Moore and DeBari 2012), high garnet contents (≥ 38%) 447 

and a high percentage of fractionation (~60%) are required, and even higher percentages of 448 

fractionation (≥ 80%) are needed to reproduce similar HREE contents (Figure 15a and c). 449 

These high fractionation percentages are not realistic given the high Mg# of clinopyroxene 450 

phenocrysts. We thus discount using garnet fractionation in any model for the formation of 451 

the three North Cascades units studied here. This is in agreement with Mullen and McCallum 452 

(2014), who determined that Dy/Yb values are too low to be indicative of garnet 453 

fractionation in Mount Baker primitive magmas. 454 

Isotopic Constraints on Mantle and Crustal Contributions  455 

Tarn Plateau and Lightning Creek HMBA compositions are among the more 456 

isotopically depleted Cascade calcalkaline magmas, and though the Glacier Creek HMA is 457 

more enriched than the two HMBA, it is on par with other Mount Baker primitive lavas 458 

(Figure 9). The three rock units are not as isotopically depleted as most Juan de Fuca mid-459 

ocean ridge basalt (MORB) isotopic compositions (White et al. 1987; Cousens et al. 1995), 460 

and are not as isotopically enriched as Cascadia sediment (Plank and Langmuir 1998). They 461 

do, however, fall on a possible mixing trend between Juan de Fuca MORB and Cascadia 462 

sediment compositions, as noted by Mullen and McCallum (2014). Some samples from the 463 

hybrid Lightning Creek unit show isotopic enrichment (Figure 9), but that enrichment 464 
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directly correlates with SiO2 contents that DeBari et al. (in review) interpret to be evidence 465 

for progressive mixing with the more isotopically enriched Glacier Peak dacite. The most 466 

isotopically depleted Lightning Creek sample is the most primitive, and is representative of 467 

the mantle component. 468 

For the three rock units, isotopic compositions of the most primitive samples denote a 469 

mantle origin with no substantial involvement of the overriding crust. This result has 470 

important petrogenetic implications for the primitive arc andesites and basaltic andesites in 471 

this study. Specifically, the mineral assemblages in the primitive samples indicate 472 

contributions from multiple magmas, and the primitive nature of their isotopic character 473 

suggests that multiple mantle-generated melts and their derivatives are the source for this 474 

diversity rather than the crust (see petrogenesis section below and Figure 16). However, the 475 

more differentiated the sample, the more influential the crustal component may be, as is 476 

reflected in their more isotopically enriched characteristics (Figure 9). 477 

Petrogenesis of North Cascades High-Mg Andesites 478 

Tarn Plateau. Two clinopyroxene populations, two plagioclase populations, one 479 

olivine population, and one orthopyroxene population in the Tarn Plateau HMBA imply that 480 

two magmas contributed crystals ± liquids to create a semi-homogenized hybrid (Table 1; 481 

Figures 2–4). The steepest (Nd/Yb)N ratios and highest Sr contents are observed in the 482 

highest Mg# clinopyroxene (Figure 12), and sector zoning in this clinopyroxene implies high 483 

pressure crystallization conditions (e.g. 5–10 kbar; Skulski et al. 1994), which are confirmed 484 

by the calculated pressure estimates (8.3 ± 3.6 kbar; Table 6). Therefore the REE steepness in 485 

this clinopyroxene population is a characteristic of a primitive, Sr-enriched, mantle-derived 486 
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mafic liquid. In addition to this primitive mantle-derived liquid, we propose the existence of 487 

a second, differentiated magma type (i.e., fractionated melt of mantle-derived basalt). This is 488 

based on the additional clinopyroxene population with lower Mg#, (Nd/Yb)N, and Sr, and Eu 489 

depletions that signify co-crystallization with plagioclase. The hypothesis for this second, 490 

differentiated magma type is also supported by low olivine Fo values (which are too Fe-rich 491 

to be in equilibrium with peridotite), low olivine Ni contents, and the scarcity of Cr-spinel, 492 

all of which are suggestive of olivine fractionation. The overall low Na2O, K2O, TiO2, and 493 

Al2O3 of the whole rock suggests a depleted mantle source for both magma types. Low 494 

olivine Ni contents also refute the Straub et al. (2008) pyroxenite melting model plausibility 495 

for this unit (see Glacier Creek discussion below and Figure 5).   496 

Clinopyroxene populations from the Tarn Plateau unit exhibit similar geochemical 497 

characteristics to those reported in clinopyroxene of Aleutian adakites (Figure 11; 498 

Yogodzinski and Kelemen 1998). High Mg# clinopyroxene has the highest Sr and Nd/Yb 499 

core concentrations, which generally decrease, along with Mg#, in the rim. Low Mg# 500 

clinopyroxene has the lowest Sr and Nd/Yb core concentrations, which increase with Mg# in 501 

the rim. Yogodzinski and Kelemen (1998) describe these relationships as being due to 502 

mixing between (1) andesitic or dacitic melts derived from a garnet-bearing subducting slab, 503 

which became Mg-rich as they rose through and interacted with the overlying mantle wedge, 504 

and (2) basaltic melt derived from the asthenospheric mantle. Based on these Mg#, Nd/Yb, 505 

and Sr relationships in high Mg# clinopyroxene, the simultaneous increase in whole rock 506 

Mg# and SiO2 contents (Figure 6a), high H2O contents (2.6–6.0 wt%, Table 7; Moore and 507 

DeBari 2012; Mullen and McCallum 2014), and high whole rock (Sr/P)N (Figure 14), we 508 
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interpret the primitive, Sr-enriched, mantle-derived mafic component of Tarn Plateau to be a 509 

hydrous slab melt that interacted with the overlying mantle. The slab melt component mixed 510 

with the differentiated mafic component near the Moho to produce the Tarn Plateau HMBA 511 

(Figure 16). Slab melt and fluid involvement in the generation of the Tarn Plateau HMBA is 512 

supported by Mullen and McCallum (2014), who used whole rock geochemistry, isotopic 513 

data, and modeling to conclude that a hydrated, down-dragged mantle peridotite interacts 514 

with slab and sediment melt to produce primitive magmas beneath Mount Baker. 515 

Glacier Creek. The Glacier Creek HMA has a limited whole-rock composition 516 

(Figures 6-8), with at least two sources of input to the crystal cargo. Evidence for this comes 517 

from the two plagioclase populations, one clinopyroxene population, one orthopyroxene 518 

population, and one olivine population (Table 1; Figures 2–4). We interpret the olivine to be 519 

a single xenocrystic population because of monomineralic crystal clots, pronounced 520 

orthopyroxene reaction rims, lack of equilibrium with the host rock, and consistent Fo and Ni 521 

contents. The olivine addition hypothesis was first suggested for Glacier Creek by 522 

Baggerman and DeBari (2011), where the authors used petrographic observations and Fe/Mg 523 

equilibrium to calculate ~4% addition of xenocrystic olivine. 524 

We thus interpret the Glacier Creek HMA to be comprised of a host magma that 525 

mixed with an olivine-bearing mafic component. Based on the abundance of plagioclase 526 

phenocrysts, low-Mg# pyroxenes, and extensive reaction rims observed on xenocrystic 527 

olivine, the host magma is interpreted to be intermediate (i.e. andesitic) in composition. 528 

Addition of the mafic component and concomitant resorption of the xenocrystic olivine 529 

would raise MgO contents in the host magma, leading to the observed Mg# increase in 530 
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clinopyroxene rims. Because Glacier Creek clinopyroxene REL and (Nd/Yb)N do not change 531 

from core to rim despite this significant change in Mg# (Figure 11), the steep REE pattern of 532 

the Glacier Creek host magma must have been acquired prior to clinopyroxene crystallization 533 

and incorporation of the mafic component. Consequently, the high Mg# and steep REE 534 

characteristics were obtained from different sources. The mafic component may have been 535 

added through incorporation of an olivine cumulate or an olivine-bearing magma with Nd/Yb 536 

similar to that of the Glacier Creek host magma. In either scenario, a high Mg# mafic 537 

component is added to a more silicic host magma with pre-existing elevated Nd/Yb.  538 

Since the high Mg# and Nd/Yb characteristics of the Glacier Creek HMA were 539 

acquired from different components that mixed within the crust (3.1 ± 2.8 kbar; Table 6), we 540 

reject the slab melt hypothesis for this unit. The steep REE pattern cannot be a product of 541 

crustal melt incorporation as proposed by some workers (Stern and Kilian 1996; Richards 542 

and Kerrich 2007; Streck et al. 2007) because isotopic compositions do not support 543 

significant crustal involvement (Figure 9). Furthermore, HREE abundances in this rock unit 544 

are lower than HREE abundances in crustally-derived dacitic lavas from Mount Baker 545 

(Figure 8; Gross 2012), suggesting that the REE signature is not a result of mixing with 546 

crustal melts. Therefore we interpret the Glacier Creek HMA to be a differentiated mantle-547 

derived melt with a long trajectory through the crust, but with minimal crustal incorporation. 548 

Additional evidence for this interpretation include the high abundance and diverse 549 

populations of plagioclase phenocrysts that indicate fractionation, and mid-crust pyroxene 550 

crystallization pressures (Table 6). This HMA does have significantly higher Sr contents and 551 

(Sr/P)N compared to other non-HMA lavas from Mount Baker (Figure 14), as well as 552 
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moderate H2O contents (1.6–2.4 wt% H2O, Table 7), suggesting that the mantle source for 553 

the Glacier Creek unit was ultimately fluxed by a hydrous slab component that was enriched 554 

in incompatible elements and had moderate Nd/Yb (Borg et al. 1997; Clynne and Borg 1997; 555 

Grove et al. 2002, 2005). This moderate Nd/Yb mantle melt underwent differentiation within 556 

the crust, incorporated the xenocrystic high-Ni olivine and potentially minor crustal 557 

components, and was erupted as a hybrid HMA (Figure 16). 558 

The cause for high Ni relative to Fo in the xenocrystic (Figure 5) olivine is debatable, 559 

and its source prior to incorporation in the Glacier Creek HMA remains unconstrained. 560 

Straub et al. (2008, 2011) contend that high Ni contents in phenocrystic olivine originate 561 

from melts of secondary mantle pyroxenite lithologies that formed by infiltration of silicic 562 

slab components. This reaction pyroxenite is Ni-rich, but has less capacity to retain Ni in the 563 

source than peridotite, consequently producing Ni-rich melts capable of crystallizing high-Ni 564 

olivine. Alternatively, high-Ni olivine may crystallize from a mixture of high-MgO mantle 565 

partial melts and low-MgO crustal or eclogite partial melts (e.g. Wang and Gaetani 2008) 566 

that yields hybrid melts with an increased Ni compatibility in olivine (Hart and Davis 1978).  567 

Lightning Creek. The Lightning Creek HMBA is a hybrid magma with four 568 

plagioclase populations, three clinopyroxene populations, two olivine populations, and two 569 

orthopyroxene populations (including mafic and intermediate inclusions mineral populations; 570 

Table 1; Figures 2–4). A major component of the Lightning Creek magma is the liquid 571 

represented by the mafic inclusion, which is a viable mafic mixing endmember to the hybrid 572 

Lightning Creek unit (Figures 6–8). Therefore the hybrid Lightning Creek high Mg# 573 

clinopyroxene and high Fo olivine populations are interpreted to be derived directly from the 574 
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mafic inclusion magma over time. A second component is Glacier Peak dacite, which DeBari 575 

et al. (in review) show to be the silicic mixing endmember of the hybrid Lightning Creek 576 

unit. DeBari et al. (in review) used isotopic data and major and trace element mixing models 577 

to reproduce whole rock trends observed in the hybrid Lightning Creek unit, and concluded 578 

that this felsic Glacier Peak endmember is crustal in origin and is not the source for the steep 579 

REE, which agrees with data from this study. The intermediate inclusion represents a 580 

compositionally distinct magmatic component with low Nd/Yb and (Sr/P)N (Figure 14). Only 581 

the low Fo olivine, low Mg# pyroxenes, and An47 plagioclase populations are found in the 582 

intermediate inclusion and are interpreted to be cognate to the inclusion. Compositionally, 583 

this inclusion does not appear to be a major contributor to this unit.  584 

The mafic Lightning Creek inclusion is the magmatic component with the steepest 585 

REE pattern and highest MgO and Sr contents. Fo and Ni contents of high Fo olivine are not 586 

high enough to fit the Straub et al. (2008, 2011) HMA hypothesis for melts of a 587 

pyroxenitized mantle source (Figure 5). Instead, a combination of high Cr-spinel Cr# and 588 

high host olivine Fo contents suggest magma derivation from a depleted, olivine-rich mantle 589 

source (Supplementary Materials Figure 5). Arai (1987) shows that Cr# in mantle Cr-spinel 590 

increases as the mantle becomes more depleted, and that Cr# in Cr-spinel and Fo contents in 591 

olivine are positively correlated. We observe this correlation of high Cr# and Fo contents in 592 

the mafic Lightning Creek inclusion, as did Clynne and Borg (1997) in southern Cascade Arc 593 

CAB. High whole rock H2O (4.3 wt%) and Sr contents, and elevated whole rock and 594 

clinopyroxene (Nd/Yb)N, indicate that the refractory mantle source of the mafic inclusion 595 

was hydrated by a LILE-enriched slab component (Borg et al. 1997; Clynne and Borg 1997; 596 
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Grove et al. 2002). Hydrous melting of a depleted mantle likely resulted in the elevated SiO2 597 

(~55 wt%) contents of the mafic inclusion (Grove et al. 2002, 2005). Consequently, the 598 

hybrid Lightning Creek unit acquired its HMBA characteristics, high Mg#, steep REE, high 599 

Ni and Cr, and elevated SiO2, from the mafic inclusion through its mantle source and 600 

associated hydrous slab component (Figure 16). Lack of isotopic enrichment in primitive 601 

Lightning Creek samples containing crystal cargo from the intermediate inclusion (Figure 9) 602 

suggests that the intermediate inclusion must itself be a fractionated mantle-derived 603 

component, not a crustally-derived component. The mafic inclusion magma mixed with the 604 

intermediate inclusion and Glacier Peak dacite magmas in the crust to produce the hybrid 605 

Lightning Creek unit.  606 

CONCLUSIONS 607 

Petrography and mineral geochemistry of multiple phenocryst populations, 608 

interpreted in conjunction with whole rock chemistry, demonstrate that three high-Mg lavas 609 

from the Mount Baker Volcanic Field and Glacier Peak in the northern Cascade Arc have 610 

complex origins involving mixing of a variety of magmatic components. A single process 611 

cannot explain the Mg# and REE characteristics of the HMA and HMBA studied here, and 612 

multiple mantle sources are indicated. Furthermore, in no case is the crust interpreted to be 613 

the source for the steep REE patterns of these rock units. 614 

The high Mg# and Nd/Yb characteristics of all three rock units were diluted and 615 

partially obscured by interaction with non-HMA components. The Tarn Plateau HMBA from 616 

Mount Baker has an origin similar to Aleutian adakites and is a hybrid of two magmatic 617 

components, one of which is a clinopyroxene-bearing HMA component that shows evidence 618 
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for being a high Nd/Yb slab melt, presumably with elevated SiO2 contents, that interacted 619 

with the mantle. This component underwent mixing near the base of the crust with a mantle-620 

derived basaltic component to produce the Tarn Plateau HMBA. Mount Baker’s Glacier 621 

Creek unit has two identifiable components, an andesitic host melt with elevated Nd/Yb and 622 

Sr and an olivine-bearing mafic component. The andesitic host melt differentiated from 623 

partial melts of the mantle and equilibrated at shallow levels where it incorporated the mafic 624 

component, which increased whole rock MgO and Ni contents and resulted in reversely 625 

zoned clinopyroxene rims. The characteristic steep whole rock REE pattern is a melt 626 

characteristic that resulted from mantle melting through hydration by a LILE-enriched slab 627 

component. Glacier Peak’s Lightning Creek HMBA is a hybrid product that has at least three 628 

magmatic components, only one of which exhibits HMA characteristics and is interpreted to 629 

have originated from depleted mantle by fluxing with a LILE-enriched, hydrous slab 630 

component. Differentiation or a high degree of melting resulted in the elevated SiO2 contents. 631 

Subsequently, the HMA component mixed with more evolved (but lower La/Yb) melts in 632 

Glacier Peak's shallow magmatic system in the middle-to-upper crust.   633 

The complexity of mineral populations indicate that there were small pockets of 634 

magma in the plumbing systems of Mount Baker and Glacier Peak. The preservation of these 635 

different mineral populations, including minerals that represent HMA components with high 636 

Mg# and elevated Nd/Yb, suggests that at the time these units erupted there was no large 637 

standing magma body capable of absorbing and obscuring individual mineral compositions 638 

beneath the volcanoes, or that mixing occurred shortly before eruption. This is especially 639 

pertinent for the Tarn Plateau and Lightning Creek HMBA, whose HMA components were 640 
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identifiable despite being complex hybridized products. This is not always typical for large 641 

composite volcanoes, which often erupt the small or very similar homogeneous lithologies 642 

for long periods of their history. Furthermore, most components that contributed to 643 

phenocryst diversity originated in the mantle, indicating that mantle, not crustal, processes 644 

are dominantly responsible for the heterogeneity of these arc lavas. 645 

IMPLICATIONS 646 

Work over the last few decades has increasingly shown that magmas erupted from 647 

composite volcanoes in volcanic arcs are typically products of open system processes at all 648 

stages of their origin, and that crustal processes are not necessarily the main drivers for 649 

compositional diversity observed in arc magmas. Moreover, generalized whole rock studies 650 

and simple fractionation modeling are often inadequate to explain magma origin and 651 

evolution. We emphasize the necessity of careful petrography and the power of mineral 652 

chemical analyses to identify populations of phenocrysts and relate them to often cryptic 653 

components in arc magmas identified by geochemical techniques. In particular, analysis of 654 

clinopyroxene REE compositions is useful for recognizing contributions from the subducting 655 

slab, such as the Tarn Plateau slab melt component identified in this study. Employment of 656 

this type of study in the future will continue to improve our understanding of the complexity 657 

of arc magma generation and evolution processes. 658 
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Figure 1. Map of the Cascade Arc and associated subduction zone. Black and white triangles 962 

represent volcanic centers of interest and solid black triangles represent major volcanic 963 

centers. Dashed line shows the Guffanti and Weaver (1988) Garibaldi Volcanic Belt 964 

segment. Subduction rates are from McCrory et al. (2012) and Braunmiller and Nábělek 965 

(2002). Modified from Borg and Clynne (1998). 966 

Figure 2. Graphical representation of olivine Fo contents; Fo = molar (Mg/(Mg+Fe))*100. 967 

TP: Tarn Plateau, GC: Glacier Creek, LC: Lightning Creek, M: mafic inclusion, I: 968 

intermediate inclusion. Asterisk (*) indicates EDS data. a Fo of analyzed olivine. b Fo of 969 

analyzed olivine relative to host rock Mg# with calculated equilibrium line. Olivine/liquid 970 

Fe-Mg partition coefficient uses estimated Fe2+
liq (Sisson and Grove 1993). Additional data 971 

from Taylor (2001), Baggerman and DeBari (2011), and Moore and DeBari (2012). 972 

Figure 3. Graphical representation of Mg contents in clinopyroxene; Mg# = molar 973 

(Mg/(Mg+Fe2+))*100. a Mg# of analyzed clinopyroxene. b Mg# of analyzed clinopyroxene 974 

relative to host rock Mg# with calculated equilibrium line. Clinopyroxene/liquid Fe-Mg 975 

partition coefficient uses calculated Fe2+
liq=0.86 total Feliq (Sisson and Grove 1993). 976 

Abbreviations, asterisk, and additional data are the same as Figure 2. 977 

Figure 4. Graphical representation of An in plagioclase; An = (Ca/(Ca+Na+K))*100. 978 

Abbreviations, asterisk, and additional data are the same as Figure 2. 979 

Figure 5. Olivine core Fo versus Ni contents (ppm). Pyroxenite and peridotite mantle source 980 

fields are from Straub et al. (2011). Tarn Plateau olivine is not in equilibrium with a mantle 981 

source, and low Ni contents in olivine are not consistent with fractionation from partial melts 982 

of a pyroxenite mantle. Glacier Creek olivine shows a trend (dashed line) that is similar to 983 
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olivine found in HMA and HMBA from the Mexican Volcanic Belt (Straub et al. 2008, 984 

2011), but no mantle-equilibrium olivine has been preserved. Lightning Creek olivine is in 985 

equilibrium with a peridotite mantle.  986 

Figure 6. Whole rock major element variation diagrams, with additional Cascade Arc data 987 

for comparison. CAB: calcalkaline basalt, HMA: high-Mg andesite, PMA: primitive 988 

magnesian andesite. Mount Baker CAB compositions are from Moore and DeBari (2012; 989 

Lake Shannon), Glacier Peak CAB compositions from Taylor (2001; Indian Pass), Mount 990 

Shasta data include Shastina, Sargents, and PMA compositions from Grove et al. (2002, 991 

2005), Aleutian adakites compositions are from Yogodzinski and Kelemen (1998), Tonga 992 

boninites compositions are from Falloon et al. (2008). Mg# = (Mg/(Mg+Fe2+))*100, with 993 

Fe2+ calculated as 0.85 for Mount Baker rock units (Moore and DeBari 2012) and 0.80 for 994 

Glacier Peak rock units (Shaw 2011). 995 

Figure 7. Whole rock trace element variation diagrams, with additional Cascade Arc data for 996 

comparison. Abbreviations and data are the same as Figure 6. 997 

Figure 8. a Primitive mantle normalized whole rock trace element concentrations. b – d 998 

Chondrite normalized whole rock REE concentrations. Primitive mantle, chondrite, and N-999 

MORB (normal mid-ocean ridge basalt) data from Sun and McDonough (1989). Mount 1000 

Baker dacite composition is from Gross (2012) and Glacier Peak dacite composition is from 1001 

DeBari et al. (in review). All other data are the same as Figure 6.   1002 

Figure 9. Whole rock isotopic compositions. a ɛNd versus 87Sr/86Sr. b 207Pb/204Pb versus 1003 

206Pb/204Pb. Tarn Plateau data are from Moore and DeBari (2012) and Mullen and McCallum 1004 
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(2014). Lightning Creek data are from DeBari et al. (in review), and circles with dark 1005 

outlines represent samples with gradual isotopic enrichment. Cascade CAB consist of 1006 

calcalkaline basalts through andesites and is compiled from Tabor and Crowder (1969), 1007 

Grove et al. (1988, 2002), Bullen and Clynne (1990), Leeman et al. (1990, 2004, 2005), 1008 

Baker et al. (1991), Bacon et al. (1994, 1997), Borg et al. (1997), Green and Harry (1999), 1009 

Conrey et al. (2001), Green and Sinha (2005), Magna et al. (2006), Schmidt et al. (2008), 1010 

Jicha et al. (2009), Mitchell and Asmerom (2011), Schmidt and Grunder (2011), Moore and 1011 

DeBari (2012), Mullen and Weis (2013), Mullen and McCallum (2014), and Sisson et al. 1012 

(2014). Northern Hemisphere Reference Line (NHRL) is from Hart (1984), Juan de Fuca 1013 

MORB compositions are from White et al. (1987). Compositional ranges for NE Pacific open 1014 

ocean sediments and Cascadia continental derived sediments are from Church (1976). 1015 

Cascadia bulk subducted sediment composition is from Plank and Langmuir (1998).  1016 

Figure 10. Chondrite normalized clinopyroxene REE abundances and variations in whole 1017 

rock SiO2. a Tarn Plateau clinopyroxene. b Glacier Creek clinopyroxene. c Lightning Creek 1018 

clinopyroxene. 1019 

Figure 11. Clinopyroxene trace element contents and ratios versus Mg#. a Yb contents. b 1020 

Chondrite normalized Nd/Yb contents. Lines represent (Nd/Yb)N of REE equilibrium 1021 

clinopyroxene (REC) calculated using partition coefficients of Gaetani et al. (2003) for Tarn 1022 

Plateau and Lightning Creek HMBA and Fujimaki et al. (1984) for Glacier Creek HMA. c Sr 1023 

contents. Aleutian adakites data from Yogodzinski and Kelemen (1998). See text for 1024 

explanation of REC. 1025 
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Figure 12. BSE photomicrograph of a Tarn Plateau clinopyroxene grain from the high Mg# 1026 

population, with an accompanying digitized image to highlight the positive relationship 1027 

between Mg# and (Nd/Yb)N in different chemical zones. Circles represent EMP and LA-ICP-1028 

MS analysis location. 1029 

Figure 13. Chondrite-normalized REE patterns for clinopyroxene cores and rims, whole 1030 

rock, and equilibrium liquid (REL) compositions calculated using clinopyroxene REE 1031 

concentrations and partition coefficients described in Figure 11. See text for explanation of 1032 

REL. White scale bars in images are 500 µm. Spots represent EMP and LA-ICP-MS analysis 1033 

locations and their corresponding Mg#, with dark tones showing core analyses and light 1034 

tones showing rim analyses. a Tarn Plateau clinopyroxene. b Glacier Creek clinopyroxene. c 1035 

Lightning Creek clinopyroxene.  1036 

Figure 14. Whole rock primitive mantle-normalized Sr/P versus SiO2 wt%. Dashed line 1037 

represented (Sr/P)N boundary (3.3) between calcalkaline non-magnesian lavas and magnesian 1038 

andesites from the Lassen Volcanic Center (Clynne and Borg 1997). Abbreviations and data 1039 

are the same as Figure 5.  1040 

Figure 15. Fractional crystallization (a – d) and mass balance (e – f) models using primitive 1041 

Mount Baker and Glacier Peak CAB as parental melts with a mineral assemblage of garnet 1042 

(gnt), clinopyroxene (cpx), orthopyroxene (opx), and olivine (olv) ± hornblende (hbl). a, c, 1043 

and e have a pyroxenite mineral assemblage (+hbl) and b, d, and f have a harzburgite mineral 1044 

assemblage. Partition coefficients are listed in Table 5. Mineral compositions are from 1045 

Müntener et al. (2001) and the adakites field is from Macpherson et al. (2006). Mount Baker 1046 
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data are from Moore and DeBari (2012; Lake Shannon) and Glacier Peak data are from 1047 

Taylor (2001; Indian Pass). 1048 

Figure 16. Simplified schematic showing petrogenetic interpretations for the three rock 1049 

units. a Tarn Plateau HMBA: mixing between (1) a hydrous, LILE-rich, intermediate slab 1050 

melt that interacted with the overlying mantle to become Mg-rich and (2) a differentiate of 1051 

depleted mantle-derived basalt. b Glacier Creek HMA: (1) partial melt of the mantle that was 1052 

hydrated by a LILE-rich slab component and underwent fractionation, mixing, and 1053 

homogenization with (2) late-stage addition of a high-Ni olivine-bearing mantle-derived 1054 

mafic component. c Lightning Creek HMBA: mixing between (1) partial melt of a depleted 1055 

mantle that was hydrated by a LILE-rich slab component (mafic inclusion liquid), (2) a 1056 

crustally-derived dacite (DeBari et al. in review), and (3) andesite that fractionated from 1057 

mantle partial melts (intermediate inclusion liquid).  1058 
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Table 2    Representative clinopyroxene trace element concentrations (ppm) determined using LA-ICP-MS
Label L Sr La Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Tarn Plateau HMBA
2_2_2 m 44 0.4 2.0 3.2 1.1 0.4 1.4 0.2 1.5 0.3 0.9 0.1 0.6 0.1
2_2_3 m 46 1.0 5.1 6.2 2.4 0.7 2.6 0.4 2.9 0.6 1.5 0.2 1.4 0.2
2_2_4 r 51 0.8 3.8 5.0 1.8 0.5 2.1 0.3 2.0 0.4 1.0 0.1 0.9 0.2
2_3_1 c 63 0.3 2.3 3.0 1.1 0.3 1.1 0.1 0.9 0.2 0.4 0.0 0.3 --
2_3_2 m 74 0.4 2.0 2.9 0.7 0.3 0.9 0.1 0.8 0.1 0.4 0.1 0.3 0.1
2_3_3 m 69 0.3 1.7 2.4 0.6 0.3 0.9 0.1 0.8 0.1 0.5 0.0 0.4 0.0
2_3_4 r 63 0.4 1.8 2.6 0.9 0.4 1.1 0.2 1.1 0.2 0.5 0.0 0.4 0.1
3_2_1 c 36 2.1 9.7 12.1 4.9 1.1 6.1 1.0 6.2 1.3 3.7 0.5 3.0 0.4
3_2_2 c 39 1.5 7.0 9.4 3.0 0.9 4.3 0.7 4.7 1.0 2.1 0.4 2.2 0.3
3_2_3 m 34 1.7 7.5 9.5 3.5 1.0 4.5 0.7 5.0 0.9 2.8 0.3 2.1 0.3
3_2_4 m 36 1.2 5.2 6.9 2.5 0.7 2.9 0.5 3.2 0.7 2.0 0.3 1.9 0.3
3_2_5 r 36 1.9 8.3 10.4 4.0 1.1 5.3 0.9 5.3 1.0 3.1 0.5 2.4 0.3
3_5_1 c 45 0.8 4.0 5.0 2.0 0.6 2.5 0.4 2.4 0.5 1.5 0.2 1.0 0.2
3_5_2 m 49 0.9 4.1 5.3 1.9 0.6 2.3 0.4 2.4 0.5 1.3 0.2 1.1 0.2
3_5_3 m 57 0.9 4.0 5.1 1.9 0.6 1.9 0.3 2.2 0.4 1.2 0.2 0.9 0.1
3_5_4 r 63 0.9 4.6 6.1 1.9 0.7 2.3 0.4 2.2 0.4 1.1 0.1 1.1 0.1
4_3_1 c 68 0.8 4.2 5.4 1.8 0.6 2.0 0.3 2.2 0.4 1.2 0.2 0.8 0.1
4_3_2 m 70 0.4 2.2 2.5 1.0 0.3 1.2 0.1 1.1 0.2 0.6 0.1 0.3 0.0
4_3_3 m 87 0.7 3.0 3.6 1.4 0.3 1.0 0.2 1.0 0.2 0.6 0.1 0.3 0.1
4_3_4 r 66 1.0 4.7 6.6 2.2 0.7 2.7 0.4 2.4 0.6 1.3 0.2 1.2 0.2
4_3_5 m 88 0.7 3.2 4.2 1.1 0.5 1.6 0.2 1.2 0.2 0.4 0.1 0.4 0.1
4_4_1 c 36 2.3 10.6 13.7 4.8 1.1 7.1 1.0 6.7 1.3 4.4 0.5 4.0 0.5
4_4_3 m 57 1.6 7.1 9.3 3.2 0.8 3.4 0.5 3.0 0.6 2.0 0.3 1.7 0.2
4_4_4 r 57 0.9 4.3 5.3 1.9 0.6 2.7 0.4 2.1 0.4 1.1 0.2 0.8 0.1
4_4_5 c 35 2.5 10.9 13.4 4.9 1.2 6.1 1.0 6.6 1.3 3.8 0.6 3.1 0.5
6_3_2 m 68 1.1 4.6 5.7 2.1 0.8 2.4 0.4 2.5 0.5 1.4 0.2 1.1 0.1
6_3_3 r 65 1.2 5.4 6.7 2.9 0.8 2.9 0.4 3.2 0.5 1.6 0.2 1.4 0.2
Glacier Creek HMA
5_1_1 c 36 3.7 14.5 16.8 6.4 1.3 6.3 1.0 7.4 1.4 3.6 0.5 3.7 0.4
5_1_2 m 39 4.6 19.5 20.5 7.1 1.3 7.8 1.2 8.6 1.7 4.6 0.6 4.3 0.6
5_1_3 r 43 2.1 9.2 11.7 3.5 1.1 4.3 0.8 4.9 0.9 2.7 0.3 2.2 0.3
5_1_4 r 34 4.5 20.3 23.4 8.6 1.5 10.3 1.6 10.4 2.1 6.7 0.9 5.4 0.8
5_3_1 c 34 3.6 15.3 19.5 6.4 1.4 7.8 1.4 8.6 1.8 5.3 0.7 4.4 0.7
5_3_2 m 37 4.1 18.0 23.4 8.1 1.5 9.3 1.6 9.9 2.0 5.8 0.8 4.9 0.7
7_1_2 r 51 2.1 10.0 12.1 4.1 1.2 5.1 0.8 5.0 0.8 2.8 0.4 2.3 0.3
7_1_3 m 35 4.3 19.2 23.9 7.6 1.4 9.0 1.5 10.2 2.3 5.7 0.8 5.3 0.8
7_3_1 c 33 2.9 13.1 16.5 5.6 1.2 6.7 1.2 7.0 1.4 4.0 0.6 3.9 0.6
7_3_2 c 28 3.4 16.0 19.7 6.7 1.3 8.7 1.5 9.2 1.9 5.4 0.7 4.4 0.6
7_3_3 r 33 2.4 12.0 15.0 5.4 1.2 6.4 1.0 7.0 1.4 4.0 0.5 3.6 0.5
7_3_4 r 35 1.6 6.9 8.5 3.2 0.8 4.2 0.6 3.5 0.7 2.0 0.3 1.9 0.2
12_5_1 c 39 2.9 12.3 15.8 4.9 1.2 6.6 1.1 6.4 1.3 3.5 0.5 3.6 0.5
12_5_2 c 43 3.9 16.9 18.9 6.7 1.4 7.7 1.2 7.9 1.6 5.0 0.6 4.1 0.5
12_5_3 c 36 3.3 14.4 17.3 6.5 1.4 6.7 1.2 8.6 1.5 4.3 0.6 3.8 0.6
12_5_4 r 33 4.0 17.2 20.6 6.9 1.2 8.2 1.2 8.6 1.7 5.0 0.6 4.3 0.8
Lightning Creek HMBA
1_3_2 m 52 2.4 12.0 14.8 4.9 1.4 5.6 0.7 5.0 0.8 2.3 0.3 1.8 0.3
1_3_3 r 48 2.0 9.9 10.8 2.7 1.2 4.3 0.6 3.8 0.8 2.2 0.3 1.7 0.2
2_1_2 I m 35 2.8 12.2 15.2 4.6 1.1 6.0 0.8 5.2 0.9 2.9 0.4 2.0 0.3
2_1_3 I r 60 1.8 9.0 10.8 3.4 1.2 3.4 0.6 3.2 0.6 2.1 0.3 1.5 0.2
2_5_1 c 58 2.4 11.0 12.6 4.3 1.1 4.6 0.6 3.8 0.8 2.1 0.3 1.4 0.2
2_5_2 m 54 2.6 12.2 16.2 5.2 1.3 5.5 0.8 4.5 1.0 2.7 0.3 2.1 0.3
2_5_3 r 63 1.7 7.7 9.9 3.3 0.9 3.1 0.5 3.5 0.6 1.7 0.2 1.3 0.2
6_3_2 I m 25 5.3 24.6 29.3 10.1 1.5 12.2 1.9 13.0 2.6 7.5 1.0 6.4 0.9
12_2_2 m 58 2.1 10.3 14.4 4.1 1.1 4.1 0.6 3.2 0.6 2.0 0.2 1.4 0.2
12_2_3 m 35 2.0 8.6 11.1 3.8 1.1 3.9 0.6 3.7 0.8 2.0 0.3 1.6 0.2
12_2_4 r 56 2.6 11.0 13.7 5.0 1.3 5.5 0.6 3.9 0.9 2.2 0.3 2.2 0.3
12_4_2 m 57 2.1 9.2 11.0 3.6 1.0 3.6 0.5 3.2 0.6 1.6 0.2 1.2 0.2
12_4_3 m 44 1.8 8.8 11.2 3.6 1.1 3.5 0.6 3.6 0.6 1.8 0.2 1.6 0.2
L: locality of analysis spot (c : core, m : mid, r : rim). Labels are as follows: sample#_clinopyroxene#_analysis#.  For example,
2_1_1 represents sample 2, clinopyroxene #1, analysis #1.
I: pyroxene crystals from the Lightning Creek intermediate inclusion.
Analyses were done at Western Washington University. 



Major elements (wt. %) Trace elements by ICP-MS (ppm)

Trace elements by XRF (ppm)

H M I



Table 4   Glacier Creek Sr, Nd, and Pb isotopic compositions 
GC-7 GC-7 (2nd)

87Sr/86Sr 0.703267 --
ɛSr -17.5 --

143Nd/144Nd 0.512972 --
ɛNd 6.5 --

206Pb/204Pb 18.801 18.799
207Pb/204Pb 15.549 15.548
208Pb/204Pb 38.279 38.276

SiO2* 58.51 58.51
Analyses were done at the University of Washington.
2σ errors for Sr and Nd are ± 40 and ± 30 ppm, or ± 0.4 and
± 0.3 epsilon units, respectively. 2σ errors for Pb are up to
 ± 200 ppm, or ± 0.02%. 
(2nd): a repeat Pb analysis of the dissolved sample.
*Data from Baggerman & Debari (2011).



Table 5    Mineral/liquid partition coefficients (Kds)
Garnet1 Clinopyroxene1 Orthopyroxene2 Olivine2 Hornblende3

La 0.09 0.0005 0.00005 0.2
Ce 0.01 0.13 0.003 0.00006 0.3
Pr 0.04 0.195 0.005 0.00013 0.5
Nd 0.071 0.26 0.007 0.0002 0.8
Sm 0.34 0.38 0.01 0.0006 1.1
Eu 0.44 0.24 0.013 0.00015 1.3
Gd 1 0.34 0.016 0.00099 1.8
Tb 2.5 0.47 0.021 0.002 1.9
Dy 3.2 0.57 0.025 0.004 2
Ho 3.8 0.58 0.029 0.002 2
Er 5 0.59 0.041 0.0087 1.9
Yb 7.4 0.61 0.047 0.017 1.7
Lu 8.2 0.68 0.052 0.02 1.5
Y 4.1 0.55 0.025 0.007 0.19
Sr 0.006 0.15 0.009 0.008 0.36
1Gaetani et al (2003) for hydrous peridotite.
2Donnelly et al (2004) for mid-ocean ridge basalt (MORB).
3Sen and Dunn (1994) for amphibolite.
Italics : interpolated



Table 6   Mafic minerals pressure and temperature crystallization conditions
Temperature (°C) Pressure (kbar)

Clinopyroxene & liquid thermobarometery (eql Kd = 0.27 ± 0.05)
Tarn Plateau HMBA

High Mg# & 1,191 – 1,213(87)32d 8.3 – 10.0(3.6)31[3.4]

high Nd/Yb mafic liquid 1,119 – 1,135(42)33[3.4] 9.4 – 10.7(5.0)32c[3.4]

(4 eql clinopyroxene) 1,087 – 1,102(42)33[5.8] 9.3 – 11.0(3.6)31[5.8]

11.0 – 12.4(5.0)32c[5.8]

Orthopyroxene & clinopyroxene thermobarometry (eql Kd = 1.09 ± 0.14)
Glacier Creek HMA

Intermediate liquid 1,014(56)36+38 4.1 – 4.4(3.7)38

(2 eql pairs) 1,009 – 1,010(56)36+39 3.1 – 3.4(2.8)39+36

Lightning Creek HMBA
Hybridized magmatic 1,004 – 1,032(56)36+38 2.4 – 3.1(3.7)38

component 999 – 1,034(56)36+39 1.6 – 3.5(2.8)39+36

(3 eql pairs)

Olivine & liquid thermometry (eql Kd = 0.28 ± 0.03) and Silica activity barometry
Lightning Creek HMBA

Mafic inclusion 1,207(51)14 5.9(2.9)42

(2 eql olivine) 1,192 – 1,193(43)22+42 6.0(2.9)42+22

eql : equilibrium
Parentheses by results indicate model error. For example, (1) reads as ± 1 °C or kbar.
numberindicates the equation(s) used from Putirka (2008).
[number]H2O contents used in calculations. 5.8 wt% was calculated using Mitchell and Grove
(2015; Table 7), 3.4 wt% is from Mullen and McCallum (2014).
Any Tarn Plateau whole rock data used in calculations is from Moore and DeBari (2012).



Table 7   Calculated whole rock H2O contents and temperatures

Temperature (°C)1 H2O (wt%)1 H2O (wt%)2 H2O (wt%)3

Tarn Plateau HMBA
TP-3 i 1046 5.9 3.1 ~4
TP-6 i 1055 5.8 2.6 ~2.5
02-MB-5 ii 1042 6.0 -- --

Glacier Creek HMA
GC-5 iii -- -- 1.6 ~1
GC-7 iii -- -- 2.0 ~1
GC-12 iii -- -- 2.4 ~2

Lightning Creek HMBA
LC-1 iv 1016 2.9 2.2 ~2
LC-2 iv 1029 2.7 2.1 ~2
LC-4 iv* 1024 2.9 -- --
LC-6 iv 1045 2.4 1.5 ~1
LC-12 iv 1047 2.3 2.0 ~1.5
LC-6M* 1068 4.3 -- --

Pressures used for all calculations are minimum values from Table 6.
1Mitchell and Grove (2015) primitive andesites model (Glacier Creek samples not suitable); mean 
average error for this model is ± 1.4 wt% H2O and ± 23°C.
2Lange et al. (2009) plagioclase-liquid hygrometer; standard error of estimate for this model is  ± 0.32 
wt% H2O.
3Sisson and Grove (1993) plagioclase-liquid Ca-Na exchange model. Outputs are graphical estimates. 
*No plagioclase data available.
iwhole rock data from Moore and DeBari (2012).
iiwhole rock data from Mullen and McCallum  (2014).
iiiwhole rock data from Baggerman and DeBari (2011).
ivwhole rock data from Taylor (2001).
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