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Abstract 11 

Quaternary eruptive products in the Cascade arc include a variety of different basalt types . 12 

At Mount St. Helens (MSH), the most active volcano in the Cascades throughout  the last 13 

35 ka, three different mafic endmembers erupted at the end of the Castle Creek period 14 

(1900-1700 years B.P.): (1) high-field strength element (HFSE)-rich basalt enriched in K, 15 

Ti, P, and incompatible trace elements, (2) low-K olivine tholeiite (LKOT) with lower 16 

amounts of incompatible trace elements, and (3) calc-alkaline (arc-type) basaltic andesite 17 

with a typical subduction signature, i.e., enrichment in fluid-mobile large ion lithophile 18 

elements (LILE) relative to immobile high field strength elements (HFSE). Each type has 19 

compositions projecting backwards to more primitive endmembers in the Cascades. Single 20 

units encompassing basaltic to basaltic andesitic compositions with intermediate trace 21 

element abundances form two almost continuous trends towards basaltic andesite. These 22 

trends are interpreted to result from assimilation of pre-existing, more evolved, calc-23 

alkaline material (and in one case mixing of different mafic magma types) during 24 

migration of the magmas through the crust. Most of the erupted basalts are porphyritic (10-25 

30 %) with an assemblage dominated by olivine and plagioclase and show disequilibrium 26 

textures preventing detailed reconstruction of mantle melting processes. Although typical 27 

hydrous arc basalt produced by flux melting in the mantle is absent in the eruptive 28 

products of MSH, arc-type basaltic andesite suggests its presence at depth. LKOT magmas 29 

are interpreted as decompression melts from the upper mantle, whereas HFSE-rich basalts 30 
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2 

are likely derived from the water-poor periphery of the main flux melting regime, 31 

potentially tapping a trace element enriched source. Primitive spinel compositions and 32 

whole-rock trace element variations indicate at least two distinct, relatively fertile 33 

lherzolite sources for these two basalt types. Weak crustal zones associated with an old 34 

fracture system beneath MSH likely provide conduits for fast and isolated ascent of 35 

distinct batches of magma, bypassing the lower crustal mush zone. The eruption of the 36 

basalts through the upper crustal magma system and main edifice is consistent with an 37 

offset plumbing system suggested by geophysical data. 38 

Introduction 39 

Primitive basalts at convergent margins provide valuable insights into magma generation 40 

beneath volcanic arcs. The North American Cascades are well known for their variety of 41 

primitive magmas. Earlier studies of mafic magmas in the Cascades have established three 42 

compositional endmembers: (1) high-field strength element (HFSE-rich) basalts, also 43 

referred to as ocean-island basalts (OIB) or intraplate basalts (IPB), (2) low-K, high-Al 44 

olivine tholeiites (LKOT, HAOT), and (3) calc-alkaline arc basalts (CAB) and basaltic 45 

andesites (BA) (Bacon 1990; Leeman et al. 1990; Bacon et al. 1997; Borg et al. 1997; 46 

Clynne and Borg 1997; Conrey et al. 1997; Reiners et al. 2000; Grove et al. 2002; Leeman 47 

et al. 2005; Smith and Leeman 2005; Hildreth 2007; Schmidt et al. 2008; Rowe et al. 2009; 48 

Moore and DeBari 2012; Sisson et al. 2014; Mullen et al. 2017). Minor variants include 49 

ultrapotassic shoshonites and absarokites (Bacon 1990; Conrey et al. 1997; Schmidt et al. 50 

2008) as well as high-Mg andesites (Baker et al. 1994; Bacon et al. 1997; Clynne and Borg 51 

1997; Grove et al. 2002; Sas et al. 2017; Streck and Leeman 2018). To avoid any 52 

interpretative association with a certain tectonic setting, we use the term HFSE-rich 53 

basalts (Schmidt et al. 2008) for basalts that lack or have small depletions of HFSE, high 54 

Nb concentrations, high light to heavy rare earth element ratios (LREE/HREE) similar to 55 

OIB, and overall enriched concentrations in incompatible trace elements relative to mid 56 

ocean ridge basalts (MORB). LKOTs have variable compositions throughout the arc, but 57 

are comparable to enriched (E)-MORB, although with higher Al2O3 contents (>17 %) and 58 

slightly enriched incompatible trace element abundances, albeit distinctly lower than in 59 

HFSE-rich basalts. CAB and BA compositions vary along-arc, but are commonly enriched 60 

in fluid-mobile large ion lithophile elements (LILE) and LREE relative to immobile HFSE 61 
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3 

and HREE, associated with a hydrous slab-derived component. The diversity among 62 

primitive basalts has been assigned to the existence of at least three mantle components 63 

that are irregularly distributed beneath the arc: (1) a source enriched in incompatible 64 

elements relative to MORB (similar to that producing OIB), (2) depleted sub-arc mantle 65 

similar to that producing MORB, but weakly modified by a subduction component 66 

(HAOT-/LKOT-type mantle), and (3) a modern slab-derived subduction component and/or 67 

mantle source metasomatized by ancient subduction-related fluids. 68 

Mafic magmas are most abundant from southern Washington to Northern California, but 69 

all basalt types occur widely distributed along and across the arc (Hildreth 2007). Primitive 70 

magmas in the Cascades typically erupt from monogenetic and shield vents, but also erupt 71 

near stratovolcanoes that are dominated by andesite and/or dacite. When associated with 72 

stratovolcanoes, basalts preferentially erupt from the periphery of these systems and/or 73 

become more primitive with distance from the central vents. Examples include Mt. Baker 74 

(Moore and DeBari 2012), Mt. Rainier (Fiske et al. 1963; Sisson et al. 2014), Mt. Adams 75 

(Hildreth and Fierstein 1997), and Mt. Hood (Scott et al. 1997). Mount St. Helens (MSH) 76 

forms an exception with respect to basaltic vent localities. Different basalt types erupted 77 

through the axial system of the volcano, from vents on the southern and northern to 78 

northwestern flanks, less than 1-2 km from the main crater. 79 

Descriptions of quaternary basaltic magmas in the MSH area can be found in Smith 80 

(1984), Leeman et al. (1990), Smith et al. (1993), Smith and Leeman (2005)  and Leeman 81 

and Smith (2018). They defined three types of mafic magmas at MSH including (1) calc-82 

alkaline olivine + plagioclase ± clinopyroxene basalt enriched in K2O, TiO2, and 83 

incompatible trace elements, also referred to as north flank basalt that is equivalent to our 84 

HFSE-rich basalt, (2) transitional olivine + plagioclase basalt with low K2O and 85 

incompatible trace element abundances transitional between calc-alkaline and tholeiitic 86 

basalts, the so-called Cave Basalt on the south flank of the volcano that we refer to as 87 

LKOT, and (3) olivine + plagioclase basaltic andesite with incompatible trace element 88 

compositions intermediate between the two basalt types that represent mixtures of basaltic 89 

endmembers and variable amounts of more evolved calc-alkaline material (Leeman et al. 90 

2005; Smith and Leeman 2005; Leeman and Smith 2018). These studies attributed the 91 
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4 

compositional diversity in mafic magmas to different degrees of relatively dry melting of a 92 

heterogeneous mantle. 93 

Although previous studies address the petrogenesis of some mafic magmas at MSH, new 94 

geologic mapping, geochronologic data (Clynne et al. 2008), and accompanying chemical 95 

data revealed a refined stratigraphy with at least eight basaltic and basaltic andesitic units 96 

(summarized in Pallister et al. 2017). Combined with recent geophysical imaging (Hansen 97 

et al. 2016; Kiser et al. 2016; Kiser et al. 2018) these new data provide the background for 98 

a more detailed investigation of mafic magmas at MSH. 99 

This study presents new major and trace element compositions for 45 samples erupted 100 

during the Castle Creek period, including Sr-, Nd- and O-isotopes for 12 samples and 101 

mineralogic data for 6 mafic units. Furthermore, a data compilation of Castle Creek rocks 102 

with whole-rock compositions from the literature and 287 previously unpublished samples, 103 

mostly obtained during mapping of the volcano by E. Wolfe and M. Clynne, are presented. 104 

These reveal remarkable geochemical trends and compositional endmembers, partly 105 

differing from those defined by Smith and Leeman (1993) and Leeman and Smith (2018). 106 

Using the extended dataset and petrologic data, the aims are to (1) specify the 107 

characterization of different mafic endmembers at MSH, (2) evaluate pre-existing 108 

hypotheses concerning their origin, and (3) focus on the implications of the observed 109 

chemical and petrological variability for the MSH magmatic system, particularly 110 

considering the close spatial and temporal eruption of different basalt  types, andesites, and 111 

dacites. 112 

Geologic setting  113 

MSH is a dominantly dacitic stratovolcano that lies about 50 km west of the main volcanic 114 

axis in the southern Washington Cascades. The area belongs to the Columbia segment of 115 

the arc (Schmidt et al. 2008), where the Juan de Fuca plate is subducted beneath North 116 

America. The oblique subduction induces dextral shear between the two plates and results 117 

in clock-wise rotation of large crustal blocks, such as the Oregon forearc block, that leads 118 

to northward translation of the forearc and intra-arc extension (Wells et al. 1998; Hildreth 119 

2007). MSH is located in a small tensional pull-apart basin formed by a dextral offset in 120 

the N-NW-trending right-lateral strike-slip fault system known as the St. Helens seismic 121 
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5 

zone (SHSZ) that intersects with a NE-trending set of pre-Quaternary fractures (Fig. 1) 122 

(Weaver et al. 1987). The SHSZ coincides with the eastern boundary of the oceanic 123 

Siletzia terrane (Parsons et al. 1999) that was accreted to North America in the early 124 

Eocene (Wells et al. 2014) and with the western boundary of the Spirit Lake batholith 125 

(Bedrosian et al. 2018). Recent geophysical imaging revealed two low velocity zones 126 

interpreted as magma storage zones in the upper and lower crust beneath MSH (Kiser et al. 127 

2016). The lower crustal velocity anomaly appears to be shifted about 10-20 km southeast 128 

of the volcano and extends from about 20 km depth to the Moho at 40 km. 129 

Eruptive history 130 

The modern edifice of MSH developed over the last 4 ka, but volcanism in the MSH area 131 

dates back to at least 270 ka (Clynne et al. 2008), and Claiborne et al. (2010) reported 132 

sparse zircons as old as 500-600 ka in some of the dacites. The stratigraphy of pyroclastic 133 

deposits of the volcano has been well established by Crandell and Mullineaux in the 134 

1960s-1980s (Crandell 1987; Mullineaux 1996). It was recently refined by new geological 135 

mapping aided by argon and radiocarbon geochronology, and paleomagnetic directional 136 

data (Clynne et al. 2008 and Appendix A1). The eruptive history of MSH has been divided 137 

into four eruptive stages separated by repose intervals of several thousand years. The 138 

youngest stage, Spirit Lake, has been further subdivided into seven eruptive periods 139 

separated by dormant intervals of several hundred years: Smith Creek (3.9-3.3 ka), Pine 140 

Creek (3.0-2.55 ka), Castle Creek (2.025-1.7 ka), Sugar Bowl (1.05 ka), Kalama (1479-141 

1725 CE), Goat Rocks (1800-1857 CE), and Modern (1980-present) eruptive periods.  142 

The Castle Creek eruptive period was the most compositionally diverse period in the 143 

volcano’s history and the only one that erupted basalts. Compositions from dacite to basalt 144 

were erupted between ~2025 and 1700 years B.P. in three phases (Table 1) (Pallister et al. 145 

2017). The early phase (~2025-1990 years B.P.) primarily encompassed dacitic eruptions 146 

of lava domes, pyroclastic flows and lahars, tephra Bi and several silicic andesitic to 147 

dacitic lava flows. Deposits of the middle Castle Creek phase are confined to the south ern 148 

flank of the volcano. They include three compositionally different basalt units (erupted 149 

around 1895 years B.P.). During the late Castle Creek phase (~1800-1700 years B.P.) a 150 

number of basaltic to dacitic lavas and tephras were emplaced on the northern and eastern 151 

 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 



 

 

 

 

6 

flanks of the volcano. The most prominent departures from the stratigraphy established by 152 

Crandell and Mullineaux are the redefinition of some basaltic andesitic and andesitic 153 

tephras (Bh, Bo) and lavas previously recognized as Castle Creek age to Pine Creek age 154 

and the recognition that the basaltic tephra Bu consists of three eruptions (Bu1 , Bu2, Bu3) 155 

of different ages. This redefined the Castle Creek basalts on the southern flank to be older 156 

than those on the northern flank. 157 

Analytical methods 158 

Major and trace elements 159 

The abundances of major element oxides from 45 samples of the Castle Creek eruptive 160 

period were analyzed by X-ray fluorescence analysis (XRF) using a PANalytical AXIOS 161 

spectrometer at ETH Zürich. Trace elements were measured by laser ablation - inductively 162 

coupled plasma source mass spectrometry (LA-ICPMS) on the fused glass beads used for 163 

XRF analyses using a Geolas Laser Ablation System coupled with an Elan 6100 DRC 164 

(Perkin Elmer) mass spectrometer. Samples, blanks and standards were ablated for 60 s 165 

with 10 Hz and a beam diameter of 90 µm (except for a NIST 610 standard that was 166 

ablated with a beam diameter of 40 µm). The data were processed using the data reduction 167 

software SILLS (Guillong et al. 2008). All data and results for a BCR-2 standard and 168 

duplicates analyzed along with the sample suite for major and trace elements are reported 169 

in Appendix A2. 170 

Isotopes 171 

Strontium and neodymium isotope compositions of 12 samples were analyzed on 50 to 70 172 

mg whole rock powder digested in HF and HNO3. Sr and Nd were subsequently separated 173 

by ion-exchange chromatography in columns with SrSpec, TRUSpec and LnSpec Eichrom 174 

resins (Pin et al. 1994). Strontium was loaded onto outgassed Re single filaments with 175 

HNO3 and Ta emitter, whereas the Nd fraction was loaded onto double filaments with 2N 176 

HCl. Both were analyzed with a Thermo Scientific TritonPlus mass spectrometer operated 177 

in static mode at ETH Zürich. Repeated measurements of NBS 987 and JNd-i yielded an 178 

87Sr/86Sr mean ratio of 0.710234±0.000004 and a 143Nd/144Nd mean ratio of 179 

0.512100±0.000003, respectively.  180 
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Oxygen was extracted by CO2 laser fluorination using about 50 mbars of F2 as reagent at 181 

the University of Lausanne. The CO2 laser was pulsed at a rate of 50 Hz with a duration of 182 

20 ms, and the beam size was successively lowered from 1850 to 260 µm. Oxygen was 183 

cleaned from residual F2 by passing the gas over heated KCl and adsorbing the oxygen on 184 

a molecular sieve (13X) prior to expanding it into the dual inlet of a Thermo Finnigan 185 

MAT 253 mass spectrometer. Oxygen isotope compositions are reported relative to 186 

standard mean ocean water (VSMOW) in the common -notation in parts per thousand (‰, 187 

permil). NBS-28 quartz standard (9.64 ‰) was used for reference and drift correction for 188 

each run. The analyses were performed on 1.7-2.7 mg of whole-rock powder and 0.5-2.4 189 

mg mineral separates, respectively. Duplicate analyses for different days reproduced to an 190 

average precision of better than ±0.2 ‰. Sr, Nd, and O isotopic ratios are given in 191 

Appendix A2. 192 

Mineral analyses 193 

Backscattered electron images of thin sections and mineral grain mounts were obtained 194 

using a JEOL JSM-6390LA scanning electron microscope (SEM) at the ETH Zürich. 195 

Analyses of major and some minor elements in minerals were performed on a JEOL JXA-196 

8200 electron probe micro analyzer (EPMA) at the ETH Zürich using five wavelength 197 

dispersive spectrometers. Plagioclase was measured using 15 kV accelerating voltage, 10 198 

nA beam current, and a spot size of 5 µm. Na and K were analyzed first. Olivine was 199 

analyzed with 20 kV, 30 nA, and a focused beam, spinel with 15 kV, 30 nA, and a focused 200 

beam. V and Mn were corrected for Kβ peak overlaps of Ti and Cr. All mineral data and 201 

details about calibration, standard analyses and errors are reported in Appendix A3.  202 

Geochemical characteristics 203 

Major and trace elements 204 

Volcanic rocks erupted during the Castle Creek period from MSH encompass basaltic 205 

through dacitic compositions, with a great heterogeneity at the mafic end of the spectrum. 206 

Mafic rocks include basalts, trachybasalts, and basaltic andesites (Fig. 2a) (Le Bas et al. 207 

1986). They have medium-K, subalkaline compositions, with exception of the highest-K 208 

basalts that are alkaline (Fig. 2b) (Irvine and Baragar 1971; Gill 1981). High FeO/MgO 209 
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ratios classify the basalts as tholeiitic, whereas basaltic andesites to dacites are 210 

predominantly calc-alkaline (Fig. 2c) (Miyashiro 1974). 211 

Three groups of mafic magma are identified at MSH that each resemble more primitive 212 

variants of the same type in the Cascades: (1) HFSE-rich basalts encompassing alkaline 213 

and calc-alkaline high-K basalts (bsf/Bu1, bnf/Bu2, bcc/Bu3; unit names as in Table 1), (2) 214 

LKOT formed by low-K basalts (bc, bpc), and (3) calc-alkaline or arc-type basaltic 215 

andesites (mng, ass, mtt), which are relatively evolved, but represent the most mafic 216 

variants of this rock type at MSH (Fig. 2, 3). The first two endmembers are equivalent to 217 

basalts described by Smith and Leeman (1993) and Leeman and Smith (2018). We will 218 

refer to third endmember as arc-type basaltic andesites to distinguish them from previously 219 

described calc-alkalic basaltic andesites (as defined by Miyashiro 1974) that have lower 220 

SiO2 contents, but lack pronounced chemical arc signatures (i.e., enrichment in LILE and 221 

LREE relative to HFSE and HREE). The most notable features of Castle Creek rocks are 222 

the two distinct chemical trends from the HFSE-rich and LKOT-like basalt endmembers 223 

that almost merge around 5-6 wt% MgO and 52-54 wt% SiO2 (Fig. 2-4). 224 

HFSE-rich basalts 225 

The basalt of the north flank (bnf) and the associated tephra layer Bu2 form the 226 

endmember of the HFSE-rich basalts. They are characterized by high abundances of K2O, 227 

Na2O, TiO2, and P2O5 (Fig. 3). Their compositions overlap with those of nepheline-228 

normative HFSE-rich basalts in the southern Washington Cascades (ALK, Leeman et al. 229 

2005) (Fig. 3, 4). They have high incompatible trace element abundances closely 230 

approaching those of OIB (Fig. 5). Their high LREE/HREE ratios (La/Yb = 8.6-12.9) 231 

produce patterns roughly parallel to those of the Castle Creek dacites, but at higher total 232 

abundances. None of the basalts at MSH has a pronounced Eu-anomaly (Eu/Eu* = 0.92-233 

1.08). HFSE-rich basalts are slightly enriched in LILE and HFSE over REE relative to 234 

MORB (Ba/La = 13.7-14.8, Pb/Ce = 0.04-0.06) and have positive Nb-Ta-anomalies (Nb/La 235 

= 1.3-1.5).  236 

The basalt of Castle Creek (bcc) with the associated tephra layer Bu3 and the basalt of the 237 

south flank (bsf) form nearly continuous chemical trends towards (low-SiO2) basaltic 238 

andesite. These more evolved units have lower abundances of incompatible trace elements 239 
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and show depletion in Nb and Ta with decreasing MgO (Nb/La = 1.5-0.8). Some of these 240 

samples resemble more primitive hypersthene-normative HFSE-rich basalts in the southern 241 

Washington Cascades (OIB, Leeman et al. 2005). 242 

LKOT 243 

The LKOT endmember is represented by the 0.25 km3 (Williams et al. 2004) Cave Basalt 244 

(bc) lava flow on the southern flank of MSH. It has compositions closely approaching 245 

those of primitive southern Washington LKOTs (Leeman et al. 2005), but with slightly 246 

higher abundances of incompatible elements due to its more evolved nature (MgO = 6.1-247 

7.3 wt%). The Cave Basalt has distinctly lower abundances of K2O, Na2O, TiO2, and P2O5, 248 

and higher abundances of CaO, FeO, and Al2O3 than HFSE-rich basalts. It also has lower 249 

concentrations of most incompatible trace elements. Some elements (e.g., Ni, Cr, V, Y) 250 

occur in the same abundance as in HFSE-rich basalts. Incompatible trace elements exceed 251 

those of enriched (E)-MORB. They are slightly enriched in LREE over HREE (La/Yb = 252 

3.4-4.1) and LILE relative to REE (Ba/La = 13-15, Pb/Ce = 0.08-0.10) (Fig. 5). Some Cave 253 

Basalt samples have a weak negative Nb-Ta-anomaly (Nb/La = 0.8-1.0).  254 

The pre-Cave basalt (bpc) that preceded the eruption of the Cave Basalt forms a 255 

compositional trend from this LKOT endmember towards basaltic andesite (Fig. 2). On 256 

compositional variation diagrams against MgO, the pre-Cave Basalt forms a higher-K to 257 

lower-K trend that merges at basaltic andesitic compositions, but at higher TiO2 and CaO 258 

contents than basaltic andesites of the HFSE-rich basalt group (Fig. 3). Incompatible trace 259 

elements exceed those of the Cave Basalt. 260 

Arc-type basaltic andesites 261 

Previously undescribed arc-type basaltic andesites include the basaltic andesite of Nelson 262 

Glacier (mng), the basaltic andesite of Truman Trail (mtt) and the andesite of Sasquatch 263 

Steps (asa). Despite some variability among these units, the basaltic andesite of Nelson 264 

Glacier is used to represent this group as it shows the least disequilibrium textures 265 

(Appendix A5). Primitive CAB did not erupt from MSH, thus, the basaltic andesite of 266 

Nelson Glacier represents the most mafic endmember of this magma type. Its compositions 267 

plot close to the converging point of the LKOT and HFSE-rich basalt groups, but at higher 268 

Al2O3 and lower TiO2, FeO, and P2O5, similar to Cascade CAB (Fig. 3). Arc-type basaltic 269 
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andesites have steep REE patterns (La/Yb = 6.4-9.2) and show distinct enrichment in fluid-270 

mobile LILE, U and Pb (Ba/La = 19.2-23.0, Pb/Ce = 0.12-0.17) and depletion in immobile 271 

HFSE (Nb/La = 0.5-0.7) typical for subduction-related magmas. Their incompatible trace 272 

element patterns are similar to those of MSH andesites and dacites, but different from the 273 

two basalt groups.  274 

Isotopic compositions 275 

Sr and Nd isotope compositions were determined for representative samples of the Castle 276 

Creek period covering basaltic to dacitic compositions. Nd isotope compositions decrease 277 

from ƐNd = 7.7 in the basalts to ƐNd = 4.4 in the dacites, whereas Sr isotope compositions 278 

increase from about 87Sr/86Sr = 0.7030 to 0.7038 (Fig. 6a). Both are in the range of isotopic 279 

compositions of primitive Cascade basalts (Mullen and McCallum 2014) and are consistent 280 

with literature data for MSH basalts and dacites (Halliday et al. 1983; Leeman et al. 1990). 281 

There is no distinct difference in Sr and Nd isotope compositions between HFSE-rich 282 

basalt and LKOT. 87Sr/86Sr ratios slightly increase with increasing whole-rock SiO2 (Fig. 283 

6b). 284 

Whole-rock δ18O values average at 5.7 ‰ in the basalts and 6.8 ‰ in the dacites (Fig. 6c). 285 

They are comparable to values measured in earlier studies (Halliday et al. 1983; Leeman et 286 

al. 1990). The two basaltic endmembers have similar δ18O values in the range of MORB 287 

(5.5-5.9 ‰, Bindeman 2008). δ18O values increase with 87Sr/86Sr and whole-rock SiO2 288 

above the amount expected from closed-system differentiation (Fig. 6d) (0.3-0.4 ‰ for 289 

fractionation from basalt to rhyolite, Bindeman 2008). δ18O is always higher in plagioclase 290 

(5.8-6.8 ‰) compared to whole-rock values, and lower in olivine (5.1-5.7 ‰). However, 291 

the difference between minerals and whole-rocks is variable (Δ18Oplg-wr = 0.1-1.1 ‰ and 292 

Δ18Owr-ol = 0.3-0.8 ‰). Δ18Oplg-ol values are scattering from 0.4 to 1.4 ‰ compared to 0.6-293 

0.8 ‰ expected from experimentally determined fractionation at 1200-1300 °C (Chiba et 294 

al. 1989; Eiler 2001). This range is larger than that given for the average analytical 295 

precision of ±0.2 ‰, suggesting that the phenocrysts analyzed are not in direct oxygen 296 

isotope equilibrium for at least some of the samples. 297 

Petrography and mineral chemistry 298 
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Most basalts and basaltic andesites of MSH are porphyritic (10-30 vol% crystals) with an 299 

assemblage dominated by olivine and plagioclase (except for the basalt of the south flank, 300 

which contains only a few percent of olivine in some flows). Chromian spinel occurs as 301 

small inclusions in some olivine crystals. Some basaltic to basaltic andesitic flows (bsf, 302 

bpc, bcc, mng) contain small, sparse clinopyroxene. The fine-grained matrices are 303 

composed of plagioclase (plg), olivine (ol), clinopyroxene (cpx), titano-magnetite (mgt), 304 

ilmenite (ilm), rare apatite (apt), and interstitial glass or, in the case of the tephras, a glassy 305 

matrix. The Cave Basalt (LKOT endmember) differs texturally from HFSE-rich basalts by 306 

a high abundance of glomerocrystic aggregates (Fig. 7a) that are rare in other basalts. 307 

Petrographic descriptions of all Castle Creek units are given in Appendix A5. 308 

Plagioclase 309 

Plagioclase is the most abundant phase (5-30 vol%) in most mafic rocks. Sizes typically 310 

range from microphenocrysts (tens of µm) to phenocrysts of 1-4 mm. Plagioclase 311 

phenocrysts in the Cave Basalt (LKOT) are normally zoned with anorthite (An) contents 312 

ranging from An75 to An60 (Fig. 8). Single crystals have the same compositions as those in 313 

glomerocrystic aggregates suggesting entrainment of cognate crystal mush. In contrast, all 314 

other mafic magmas contain complexly/reversely-zoned crystals (abundant in basalts, but 315 

also common in arc-type basaltic andesites) in addition to usually smaller, normally zoned 316 

varieties. They have low-An antecrystic cores (typically An70-40, but reaching An32) that 317 

form dark areas on SEM images (Fig. 7b-d). These cores often have complex zonation 318 

patterns, sieve-textured horizons or can be completely resorbed and replaced by a 319 

microcrystalline mixture of plg, cpx, mgt, ilm, and glass. Rims of these reversely zoned 320 

crystals show normal zoning with compositions similar to normally zoned phenocrysts 321 

(An78-64 in HFSE-rich basalts, An74-44 in the arc-type basaltic andesite; Fig. 8). For 322 

comparison, zoned plagioclase in the dacitic Bi tephra is restricted to compositions of 323 

An39-60, whereas the dacite of Red Rock Pass contains reversely zoned crystals with 324 

compositions of An41-65 and normally zoned crystals with An80-64. 325 

Olivine 326 

Olivine is ubiquitous in all basalts and basaltic andesites (1-8 vol%). In general, the 327 

crystals are normally zoned with a forsterite (Fo)-rich core and a thin (<10 µm) more 328 

fayalite (Fa)-rich rim when in contact with the groundmass (Fig. 7a, e). This rim is lacking 329 
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when olivines are touching other grains, indicating rapid growth during final ascent, 330 

extrusion and solidification of the basalts. Olivine crystals in arc-type basaltic andesite are 331 

less abundant than in basalts and rimmed by orthopyroxene (Fig. 7f). Olivine compositions 332 

range from Fo86 to Fo72 in HFSE-rich basalts, from Fo81 to Fo71 (with the majority of 333 

crystal cores in a narrow range at Fo77 to Fo78) in LKOT, and from Fo81 to Fo58 in arc-type 334 

basaltic andesite. Most olivine cores are close to equilibrium with their host rocks (Fig. 9). 335 

Yet, the basalt of the south flank, the pre-Cave Basalt, and tephra layer Bu2 contain olivine 336 

too Fo-rich and some Cave Basalt lava flows have olivine too Fa-rich to be in equilibrium. 337 

NiO decreases relatively uniformly from about 0.3 wt% at Fo86 to 0.03 wt% at Fo60. In 338 

contrast to other mafic units, the pre-Cave Basalt (LKOT group) and basalt of the south 339 

flank (HFSE-rich basalt group) that both erupted from the southern flank contain at least 340 

three populations of olivine (in order of abundance): normally zoned olivine (Fo87-Fo68) 341 

with abundant Cr-spinel inclusions akin to olivine in HFSE-rich basalts, weakly zoned 342 

olivine (Fo79-Fo73) with sparse spinel inclusions resembling olivine from the Cave Basalt 343 

(LKOT), and sparse reversely zoned crystals (Fo66-Fo74).  344 

Chromian spinel  345 

Chromian spinel occurs as small inclusions (usually <20 µm) in olivine crystals. These are 346 

abundant in olivine in HFSE-rich basalts, but rare in LKOT (Fig. 7a, e). Decreasing Fo 347 

contents in olivine are accompanied by an increasing titano-magnetite component in the 348 

spinel recognizable in higher Ti contents. Those with TiO2 >2 wt% are excluded from 349 

further discussion. This filter excludes spinel from the arc-type basaltic andesite of Nelson 350 

Glacier that does not preserve spinel from the earliest stages of crystallization. The most 351 

primitive spinels (Mg# >0.6; Mg# = Mg/(Mg+Fe) atomic ratio) in MSH basalts have Cr-352 

numbers  (Cr# = Cr/(Cr+Al) atomic ratio) ranging from 0.15 to 0.4, similar to spinel from 353 

southern Washington LKOT and HFSE-rich basalts (Fig. 9b, c), but below those of CAB 354 

(>0.4, Baker et al. 1994; Clynne and Borg 1997; Smith and Leeman 2005). MSH LKOT 355 

differs from southern Washington LKOT by slightly lower Cr#s (0.15 vs. 0.20 at 356 

comparable Mg#,  Smith and Leeman 2005) and higher V2O3 concentrations (0.3-0.6 vs. 357 

0.1-0.2 wt.%, Smith and Leeman 2005). 358 

The composition of primitive chromian spinel primarily depends on the lithology of the 359 

mantle source and the degree of melting, i.e., the Cr-number decreases with source fertility 360 
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and increases with the degree of melting (Arai 1994; Clynne and Borg 1997). Individual 361 

units form distinct trends on Cr# vs. Fo plots (Fig. 9b) that project backwards to different 362 

lherzolite sources in the olivine spinel mantle array (OSMA, Arai 1994). Spinel Cr-363 

numbers in units of the HFSE-rich group weakly increase with decreasing Fo, whereas 364 

those in LKOT endmember (Cave Basalt) show a steep increase and have the lowest Cr# 365 

(Cr# = 0.15) in the most primitive (highest Mg#) spinels. The pre-Cave Basalt contains 366 

two populations of spinel, each following one of the trends. 367 

Constraints on intensive parameters 368 

Temperature  369 

Magmatic temperatures of MSH basalts were calculated from the most primitive (spinel 370 

Mg# >60) olivine-spinel equilibrium pairs using the thermometer of Wan et al. (2008). 371 

Olivine with spinel inclusions is assumed to crystallize under near-liquidus conditions 372 

during transport and storage of magma in the crust. The highest temperatures (1235-1310 373 

°C, ±22 °C) are obtained for the LKOT endmember (bc). They overlap with temperatures 374 

(1170-1270 °C) of the HFSE-rich endmember (bnf/Bu2) and other units of the HFSE-rich 375 

group (1120-1280 °C) (Fig. 10a). Within most units temperatures decrease with decreasing 376 

spinel Mg#, consistent with progressive crystallization during cooling. As expected from 377 

the most primitive phases, temperatures calculated from olivine-spinel pairs exceed those 378 

derived from liquid, olivine-liquid and plagioclase-liquid thermometers for LKOT (1203-379 

1148 °C) and HFSE-rich basalts (1216-1112 °C) by Leeman and Smith (2018). 380 

Storage temperatures just prior to eruption were derived from touching magnetite -ilmenite 381 

pairs in HFSE-rich Bu basalt tephra. Seven pairs that fulfilled the equilibrium conditions 382 

of Bacon and Hirschmann (1988) record temperatures from 850 to 1060 °C (±50 °C, 383 

Sauerzapf et al. 2008). This range includes temperatures as low as observed in MSH 384 

dacites (Gardner et al. 1995a) and likely reflects some assimilation of evolved material in 385 

the mafic magma. 386 

Redox state 387 

The oxygen fugacity (fO2) was determined using the olivine-spinel oxybarometer of 388 

Ballhaus et al. (1990) and temperatures from the same contiguous pairs. Olivine and spinel 389 

in the Cave Basalt (LKOT endmember) crystallized at an fO2 relative to the quartz-390 
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fayalite-magnetite (QFM) buffer of Δlog(fO2)QFM = +0.1 to +0.4 (average: QFM+0.2). 391 

These conditions are slightly more reduced, but overlap in error (±0.4 log units above 392 

QFM) with those of HFSE-rich basalts and basaltic andesites (Δlog(fO2)QFM = +0.5 to +1.1, 393 

average: QFM+0.8). More reduced conditions in LKOT are consistent with Fo contents in 394 

olivine (Fig. 9) below those expected from whole-rock equilibrium (due to stabilization of 395 

the Fe2+-component) as well as lower Fe3+ and higher V concentrations in spinel at a given 396 

Mg#. Melt Fe3+/ΣFe ratios of 0.1-0.2 estimated from the experimentally determined 397 

relationship between Fe2+/Fe3+ in spinel and coexisting melt using the method of Maurel 398 

and Maurel (1982) and Larsen and Pedersen (2000) confirm the relatively reduced 399 

character of MSH basalts. 400 

Water content 401 

Water contents in the mafic magmas of MSH are challenging to measure. Most of the units 402 

did not erupt explosively, precluding valuable estimates using melt inclusions. Olivine -403 

hosted melt inclusions in two tephra layers of the HFSE-rich basalt group gave H2O 404 

contents up to 2 wt% (Rea et al. 2012). Yet, the LKOT and arc-type endmember did not 405 

erupt as tephras. The only other possible way of estimating H2O content in these units are 406 

mineral hygrometers. As those strongly rely on crystallization temperatures, which are 407 

poorly known, we estimated H2O contents from the Ca-Na exchange between plagioclase 408 

and liquid (Sisson and Grove 1993). We used the most calcic plagioclase compositions 409 

from cores of normally zoned crystals and outer zones of reversely zoned crystals and 410 

whole-rock compositions as liquids. Ab-An exchange coefficients indicate equilibrium 411 

between selected plagioclases and their host rocks (Putirka 2008), as do calculated 412 

temperatures that overlap with plagioclase saturation temperatures within 5 °C (Putirka 413 

2005). Comparison of plagioclase-whole-rock pairs with published partition coefficient 414 

((Ca/Na)plg/(Ca/Na)liq) from Sisson and Grove (1993) suggest about 1.8 H2O in LKOT, 415 

3-4 wt% H2O in HFSE-rich basalts, and 3.5-4 wt% H2O in arc-type basaltic andesites 416 

(Fig. 10b). 417 

Estimated water contents in HFSE-rich basalt tephras exceed those measured in melt 418 

inclusions, suggesting that melt inclusions might have been degassed prior to eruption 419 

and/or that the method we used slightly overestimates H2O. Assimilation of some more 420 

evolved material could lead to an overestimation of the water content (e.g., assimilation of 421 
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15 % of water-rich dacite could add up to about 0.5 wt% H2O). Our estimates also exceed 422 

hygrometric estimates for MSH LKOT and HFSE-rich basalts by Leeman and Smith 423 

(2018). Using their approach of iterative calculation of pressure, temperature, and water 424 

content at a defined equilibrium plagioclase composition (for detailes see Leeman and 425 

Smith 2018), our samples yield 0.4-0.9 wt% H2O in LKOT, negligible amounts of water in 426 

the HFSE-rich basalt endmember (bnf/Bu2), 0.3-1.3 wt% H2O in other units of the HFSE-427 

rich basalt group, and 2.0-2.4 wt% in the arc-type basaltic andesite of Nelson Glacier. As 428 

arc-type basaltic andesites are not saturated with olivine (as required by the method), 429 

predicted temperatures in this unit are likely overestimated and water contents respectively 430 

underestimated. In addition, the equilibrium plagioclase composition defined by the 431 

method of Leeman and Smith (2018) is shifted to the sodic side of the spectrum embracing 432 

xenocrystic cores, which might further underestimate the water content. Combining 433 

evidence from the two methods suggests low to moderate H2O concentrations in LKOT 434 

and HFSE-rich basalts, and a range between 2 and 4 wt% H2O in arc-type basaltic 435 

andesites. 436 

Discussion 437 

Throughout the past 40 years various studies have discussed the diversity of primitive 438 

magmas in the Cascades; typically using radiogenic isotopes, experiments, reconstruction 439 

of primary melt compositions and/or primitive minerals to characterize mantle source 440 

compositions (e.g., Bacon 1990; Leeman et al. 1990; Bartels et al. 1991; Baker et al. 1994; 441 

Bacon et al. 1997; Borg et al. 1997; Clynne and Borg 1997; Conrey et al. 1997; Reiners et 442 

al. 2000; Grove et al. 2002; Leeman et al. 2005; Smith and Leeman 2005; Hildreth 2007; 443 

Schmidt et al. 2008; Rowe et al. 2009; Moore and DeBari 2012; Mullen et al. 2017). These 444 

studies considered primitive magmas to have low phenocryst contents (<5 %, olivine ± 445 

spinel), olivine compositions close to mantle values (Fo ≥86), Mg# ≥0.6, MgO >8 wt%, 446 

and high compatible trace element contents (Cr >200 ppm, Ni >100 ppm) (Mullen et al. 447 

2017). Mafic magmas of MSH deviate from these criteria by their high crystallinities 448 

(usually 10-30 %), abundant plagioclase crystals with disequilibrium textures and sodic 449 

cores in most basalts, several populations of olivine and spinel in some basalts, and their 450 

overall more evolved whole-rock (MgO 4.0-7.4 wt%, Cr 40-240 ppm, and Ni 35-140 ppm) 451 

and mineral compositions (Fo ≤81-87) (Table 2). However, the most mafic endmembers 452 
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still preserve their characteristic mantle-derived signatures with strong compositional 453 

similarities to more primitive variants in the Cascades (Fig. 2-5) as well as nearly primitive 454 

chromian spinel (Fig. 9b, c) allowing for some interpretation of their origin. In the 455 

following, we will discuss deviations from the endmember classification of previous 456 

studies at MSH (Smith and Leeman 1993; Leeman and Smith 2018) and modifications of 457 

these non-primitive magmas by crustal processes, evaluate pre-existing hypotheses on their 458 

mantle origin, and finally, discuss the implications for the MSH magma plumbing system. 459 

Three mafic endmembers at Mount St. Helens  460 

Despite its arc setting and the predominant eruption of hydrous dacites, true arc basalt did 461 

not erupt from MSH. Previous studies (Smith 1984; Leeman et al. 1990; Smith and 462 

Leeman 1993; Leeman et al. 2005; Smith and Leeman 2005; Leeman and Smith 2018) also 463 

described LKOT and HFSE-rich basalt at MSH. The origin of calc-alkaline basaltic 464 

andesites was predominantly attributed to mixing (Leeman and Smith 2018), similar to that 465 

of many andesites at MSH (Pallister et al. 1992; Smith and Leeman 1993). However, our 466 

third endmember (arc-type basaltic andesite) differs from previously described (low-SiO2) 467 

calc-alkaline basaltic andesites that form nearly continuous geochemical trends from 468 

LKOT and HFSE-rich basalts towards basaltic andesite. In contrast to these rocks, the 469 

newly described arc-type basaltic andesites are slightly more evolved, have lower contents 470 

of FeO, TiO2, and P2O5, typical of Cascade CAB (Fig. 3), and show a pronounced arc 471 

signature (i.e., enrichment in fluid-mobile LILE and LREE relative to HFSE and HREE; 472 

Fig. 5, Table 2). Arc-type basaltic andesites show some disequilibrium textures, as 473 

expected from mafic magma crossing a silicic mush system, but at least in the basaltic 474 

andesite of Nelson Glacier (mng) these are minor (Appendix A5). This unit contains a 475 

single population of olivine with cores that are close to equilibrium with its who le-rock 476 

composition (Fig. 9a). In addition, it has lower concentration of Nb and strongly 477 

incompatible elements (e.g., K, Rb, Ba, Ca) than Castle Creek andesites or dacites and has 478 

the highest Al2O3 content of Castle Creek rocks, both excluding a predominant mixing 479 

origin. The presence of melts with compositions similar to the basaltic andesite of Nelson 480 

Glacier at depth is further supported by equilibrium melts calculated from amphibole 481 

compositions (Wanke, unpublished data). These rocks are not primitive, but represent the 482 

most mafic endmember of the calc-alkaline rock series at MSH. 483 
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Petrogenetic processes influencing the chemical composition of mafic endmembers 484 

Fractional crystallization 485 

The high crystallinity of MSH basalts (10-30 %) and evidence for contamination prevent 486 

reconstruction of mantle-derived melts. Yet fractionation of olivine and spinel is evident 487 

from compositional trends formed by these minerals (Fig. 9). Weakly increasing Cr# with 488 

decreasing Mg# in most of the spinel is a function of decompression and crystallization of 489 

olivine (±spinel), whereas the strong increase in spinel Cr# with decreasing Mg# in the 490 

Cave Basalt indicates that this compositional change was dominated by decompression 491 

rather than melt differentiation and/or accompanied by co-crystallizing plagioclase (e.g., 492 

Clynne and Borg 1997; Smith and Leeman 2005). However, the lack of significant Eu 493 

anomalies in MSH basalt and basaltic andesite demonstrates that plagioclase was not a 494 

major early fractionating phase. Instead, it mostly crystallized late and has not 495 

significantly fractionated from the magma. Scattered Eu/Eu* (0.92-1.08) within some 496 

mafic units likely results from mineral proportions in the respective rock sample.  497 

Trace element variations exclude a genetic relationship between the mafic endmembers by 498 

fractional crystallization. HFSE-rich basalts have higher abundances of most incompatible 499 

trace elements than more evolved magmas (Fig. 4, 5). LKOT have similar abundances of 500 

HFSE and higher abundances of HREE than arc-type basaltic andesite. As incompatible 501 

elements would increase during fractionation, both basalt types can be excluded as parental 502 

magmas for arc-type basaltic andesites. Likewise, Leeman and Smith (2018) have shown 503 

that fractional crystallization cannot reproduce compositions of low-SiO2 basaltic andesites 504 

from HFSE-rich basalt or LKOT. Instead, they suggested that mixing between distinct 505 

primitive Cascade basalts and intermediate material similar to MSH andesite 506 

predominantly formed compositional trends from HFSE-rich basalt and LKOT towards 507 

low-SiO2 basaltic andesite. 508 

Assimilation and mixing in a polybaric mush column 509 

Isotopic, chemical, and textural characteristics of mafic magmas at MSH indicate 510 

interaction with various assimilants including pre-existing crustal lithologies and 511 

antecrystic material. The total isotopic variation between basalts and dacites is small, but 512 

significant (87Sr/86Sr = 0.7030-0.7038, ƐNd = 7.7-4.4, δ18O = 5.7-6.8 ‰). The correlation of 513 
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radiogenic Sr and Nd isotopes and with SiO2 (Fig. 6a, b) as well as an increase in δ18O 514 

above the array expected from closed system fractionation (Fig. 6c, d) indicates that some 515 

crustal assimilation (assimilant with high 87Sr/86Sr, low ƐNd, and high δ18O) is involved 516 

during magma evolution. A quantitative interpretation of these isotope trends remains 517 

ambiguous owing to the unknown age of the (probably accretionary) lower crustal 518 

basement and the young (Tertiary) age of the upper crust (Hildreth 2007). The correlation 519 

of δ18O in olivine with whole-rock SiO2 suggests that some assimilation happens during 520 

early crystallization at depth. 521 

Mafic magmas erupting in close spatial and temporal proximity with andesite and dacite at 522 

MSH would likely interact with pre-existing magmas or mush zones that plug the 523 

magmatic pathways. Most basalts and basaltic andesites contain plagioclase phenocrysts 524 

with sodic cores and/or various resorption textures (Fig. 7b-d) that represent relics of this 525 

process. Core compositions of reversely zoned plagioclase from An40 to An70 (in some 526 

cases down to An32; Fig. 8) are consistent with crystallization from andesitic to rhyolitic 527 

melts. The wide range in δ18O values of plagioclase separates with some values higher than 528 

those expected from closed system fractionation, and hence also large range in Δ18Oplg-ol 529 

(Fig. 6d), support the chemical and textural evidence for assimilation of more evolved 530 

(higher δ18O) material within the mafic magma. Other associated mineral phases from this 531 

crystal-rich dacite (e.g., amphibole ± pyroxene ± apatite ± oxides) would have been 532 

unstable in the basaltic magmas and dissolved and/or partly re-equilibrated. This is 533 

supported by sparse, sometimes resorbed pyroxene and hornblende xenocrysts in some of 534 

the basalts and basaltic andesites. Furthermore, the wide range of temperatures recorded by 535 

Fe-Ti oxides in Bu tephra (1060-850 °C) that includes low temperatures as observed in 536 

MSH dacite indicates late stage assimilation of evolved material without time for 537 

equilibration of oxides. This observation is consistent with rare blebs of rhyolitic glass in 538 

basalt described by Smith and Leeman (1993) and Leeman and Smith (2018). Assimilation 539 

and mixing processes are exemplified by the eruption sequences on the southern and 540 

northern flanks of the volcano. 541 

Sequence of eruptions on the southern flank  542 

The sequence of eruptions on the southern flank well illustrates the interaction between 543 

different basalts and dacite in the upper crustal system. Evidence for mixing between 544 
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distinct mafic endmembers is mostly absent, with exception of the pre-Cave Basalt (LKOT 545 

group) and the basalt of the south flank (HFSE-rich basalt group). The pre-Cave Basalt 546 

contains multiple populations of olivine and spinel (Fig. 9), respectively similar to those of 547 

the basalt of the southern flank and the Cave Basalt (LKOT), and has compositions 548 

encompassing the high-K and low-K trends (Fig. 3, 4). Evidence for mixing between the 549 

two basalt groups is reinforced by the stratigraphic position of the pre-Cave Basalt 550 

between the Cave Basalt and the basalt of the southern flank (Table 1).  551 

Sodic plagioclase cores in the pre-Cave Basalt represent relics of entrained more evolved 552 

material, but the basalt of the south flank is crystal-poor (2-5 % crystals). Thus, it must 553 

have largely remelted the pre-existing crystal mush. That is supported by the preceding 554 

almost aphyric (<3 % crystals) dacite of Red Rock Pass. It contains rare remnants of 555 

reversely zoned, almost completely resorbed plagioclase crystals and rare normally zoned 556 

crystals with basaltic core compositions (An82-72, Fig. 8). These observations indicate 557 

strong heating and mixing between a basaltic and a dacitic component before eruption. The 558 

incoming basalt of the south flank might have heated the pre-existing dacite and forced it 559 

out of the shallow reservoir. Subsequently, the basalt ascended into the shallow reservoir 560 

that was mostly evacuated of magma allowing it to erupt crystal-poor. The incoming Cave 561 

Basalt (LKOT) mixed with the residual basalt of the south flank (here basaltic andesite) to 562 

form the heterogeneous pre-Cave Basalt. This again cleared the conduit to allow the Cave 563 

Basalt magma to crystallize its characteristic assemblage of olivine and plagioclase with 564 

normal zoning and erupt almost unaffected by silicic magma. 565 

Sequence of eruptions on the northern flank 566 

Three magmatic cycles of dacite to andesite to basalt/basaltic andesite similar to those first 567 

suggested by Hopson and Melson (1990) and discussed by Pallister et al. (1992) erupted on 568 

the northern and northeastern flanks of the volcano during the late Castle Creek period 569 

(Table 1). This cyclic behavior exemplifies how basalts pave their way through the upper 570 

crustal silicic reservoir. It is considered to be caused by basalt intrusion and mixing with 571 

resident dacite to produce andesite, followed by a less mixed olivine-bearing basaltic 572 

andesite, followed by basalt that retains sodic plagioclase cores as the only evidence for 573 

mixing (e.g., eruptive sequence a26-mtt-bnf, Appendix A5). The units in these cycles 574 

display decreasing phenocryst disequilibrium and SiO2 content as the cycle proceeds, 575 
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producing the observed compositional trends from basaltic andesite to basalt.  Eventually, 576 

part of the system is cleaned of intermediate compositions, which permits basalt to ascend 577 

with only minor interaction with the shallow system. Similarly, Leeman and Smith (2018) 578 

describe stratigraphic sequences of lava flows of single units (HFSE-rich basalts) that 579 

become progressively less evolved towards the top (upward increase in Mg#).  Their 580 

calculations indicate that the compositional ranges observed in MSH LKOT and HFSE-581 

rich basalts are dominantly caused by mixing of primitive Cascade basalts with different 582 

amounts of more evolved calc-alkaline material with compositions similar to MSH 583 

andesite. This interpretation is in agreement with our data. 584 

Origin of the mafic endmembers of Mount St. Helens 585 

The challenge in deciphering the origin of MSH basalts is to see through the contamination 586 

processes. Chromian spinel is the first crystallizing phase in most mafic magmas from 587 

MSH. It only crystallizes from relatively primitive liquids, and thus, is  expected to 588 

crystallize before the melt was significantly affected by assimilation. Similar spinel 589 

compositions of genetically related basalts and peridotites (e.g., Dick and Bullen 1984) 590 

allow for some constraints on the mantle sources of the basalts. Spinel Cr# increases as the 591 

peridotite source becomes more refractory; i.e., harzburgite typically contains spinel with 592 

Cr# >0.5, whereas lherzolite has spinel with Cr# <0.5 (Arai 1994). Increasing degree of 593 

(hydrous) melting would further increase the Cr#. The impact of other parameters, such as 594 

pressure, fO2, and fractionation or mixing, on the spinel Cr# is usually less than a few 595 

percent (Clynne and Borg 1997). In addition to the investigation of primitive phases, 596 

striking geochemical similarities between the most mafic endmembers of each type and 597 

more primitive Cascade basalts (Fig. 3-5) allow for some further constraints on their 598 

origin. 599 

HFSE-rich basalts 600 

Each unit within the HFSE-rich basalt group contains chromian spinels with distinct 601 

compositions. They form almost linear trends caused by melt differentiation that allow for 602 

back projection to the OSMA (Fig. 9b, c) and indicate lherzolite mantle sources (Cr# <0.4) 603 

for all units. Cr-numbers in the most primitive spinels (Mg# >0.6) are lowest in the HFSE-604 

rich endmembers, the basalt of the north flank (Cr# = 0.25), and increase towards the 605 

basalt of Castle Creek (Cr# = 0.3) and the basalt of the south flank (Cr# = 0.35-0.4). As the 606 
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effect of pressure, fO2, fractionation, or mixing on spinel compositions is too small to 607 

explain this variation in spinel Cr# (Clynne and Borg 1997), the increase in Cr# implies 608 

decreasing source fertilities and/or increasing degrees of melting. The HFSE-rich basalt 609 

endmember has the highest incompatible element concentrations (Fig. 3-5) consistent with 610 

the lowest spinel Cr# and the lowest degree of melting. Our data agree with previous 611 

studies of HFSE-rich basalts in the Cascades that suggest an origin by low-degree partial 612 

melting (usually 1-5 %) of an enriched, fertile mantle source (Leeman et al. 1990; Bacon et 613 

al. 1997; Conrey et al. 1997; Reiners et al. 2000; Leeman et al. 2005; Smith and Leeman 614 

2005; Jicha et al. 2009; Rowe et al. 2009). Their steep REE patterns are usually assigned to 615 

residual garnet in the source. High La/Yb (9.3-12.9) and Dy/Yb (2.0-2.3) ratios (Fig. 11c, 616 

d; Table 2) in HFSE-rich basalts at MSH are consistent with an origin by low-degree 617 

melting in the stability field of garnet. 618 

Spinel Cr-numbers and trace element abundances in whole-rocks suggest variable 619 

contributions of a subduction component to different units of the HFSE-rich basalt group. 620 

Low water contents (up to 2 wt.% H2O in olivine-hosted melt inclusions in Bu2 and Bu3 621 

tephra; Rea et al. 2012), high magmatic temperatures (Fig. 10), and the lack of a 622 

pronounced arc signature in these rocks (Fig. 5) imply comparably dry conditions during 623 

melting. Yet, Cr-numbers in the most primitive spinels of the basalt of the south flank 624 

nearly approach those of Cascade CAB (Fig. 9b, c) implying higher degrees of partial 625 

melting and a potentially greater subduction component. They are inversely correlated with 626 

Nb and Nb/La that decrease (at comparable MgO) from the basalt of the north flank to the 627 

basalt of Castle Creek to the basalt of the south flank (Fig. 4, 5) supporting an increasing 628 

(albeit minor) subduction component in these units. Such an interpretation is consistent 629 

with studies that suggest a correlation between the degree of melting and the addition of a 630 

slab-derived component in Cascade basalts (Borg et al. 1997; Reiners et al. 2000; Rowe et 631 

al. 2009). 632 

LKOT 633 

Spinel in LKOT from MSH has low Cr-numbers (Cr# = 0.15 at highest Mg#, Fig. 9c) 634 

indicative of a highly fertile (i.e., rich in Al, Ca, and Fe, high capability to produce melt, 635 

Clynne and Borg 1997) lherzolite source, consistent with comparably high contents of Al, 636 

Ca, and Fe in whole-rocks (Fig. 3). Although high Ca and Al can also result from 637 
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accumulation of plagioclase (which is abundant in glomerocrysts in the Cave Basalt), low 638 

Sr and the lack of a Eu-anomaly in LKOT as well as high Ca and Al in more primitive 639 

Cascade LKOT suggest that this signature is rather a source characteristic than the result of 640 

crystal accumulation. The most primitive spinels in LKOT have lower Cr-numbers (Cr# = 641 

0.15) than those in HFSE-rich basalts (Cr# = 0.25-0.4) pointing to a more fertile source 642 

and/or lower degrees of melting in LKOT (Fig. 9c, d). Both are inconsistent with lower 643 

abundances of incompatible trace elements in LKOT that require a more trace element 644 

depleted source and/or higher degrees of melting (Fig. 11b). This discrepancy indicates 645 

that MSH LKOT must be derived from a compositionally different (less enriched) 646 

lherzolite source than HFSE-rich basalts. 647 

Slight enrichments in LREE and LILE over HREE and HFSE (Fig. 5, 12) point a weak 648 

subduction component in MSH LKOT. As good constraints on water contents in MSH 649 

LKOT are lacking, it remains speculative whether this signature represents a recent 650 

subduction component or was inherited in the source during ancient subduction times. 651 

Hygrometric estimates of water content suggest up to 1.8 wt% H2O in the Cave Basalt 652 

(Fig. 10b), illustrating that some contribution of a recent subduction component may be 653 

reasonable. However, high magmatic temperatures (up to 1300 °C, Fig. 10a) and 654 

comparatively reduced conditions (around QFM+0.2) in MSH LKOT require low water 655 

contents and high crustal pressure during early crystallization of olivine and spinel, 656 

suggesting that our water contents are likely overestimated for LKOT. That is further 657 

supported by nearly anhydrous conditions suggested from experimental constraints 658 

(Bartels et al. 1991) and olivine-hosted melt inclusions (Sisson and Layne 1993; Le Voyer 659 

et al. 2010) in southern Cascade LKOT. These are generally interpreted as dry, 660 

decompression-induced melts (Leeman et al. 1990; Bartels et al. 1991; Bacon et al. 1997; 661 

Elkins-Tanton et al. 2001; Leeman et al. 2005), derived by 6-10 % of partial melting in the 662 

Mt. Shasta region (Baker et al. 1994) and from <10 % in the northern to 20-30 % in the 663 

southern central Cascades (Conrey et al. 1997). Along with previous interpretations and 664 

the position of MSH in an extensional regime (Weaver et al. 1987), we interpret our data to 665 

reflect an origin of MSH LKOT by dominantly decompression-induced melting of a fertile 666 

lherzolite source. The lack of HREE depletion in LKOT (Fig. 5; Table 2) is consistent with 667 

a garnet-free source in the upper mantle. 668 
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Arc-type basaltic andesites 669 

As arc-type basaltic andesites at MSH contain only 3.9-5.2 wt% MgO and lack primitive 670 

spinel, a mantle-derived parent remains poorly constrained. A direct mantle origin of these 671 

basaltic andesites, as suggested for primitive high-Mg basaltic andesites in the Shasta and 672 

Lassen regions (Baker et al. 1994; Clynne and Borg 1997; Conrey et al. 1997; Grove et al. 673 

2002) or for some non-primitive variants at Mt. Baker and Glacier Peak (Moore and 674 

DeBari 2012; Mullen and McCallum 2014; Sas et al. 2017), can be excluded based on their 675 

comparably evolved whole-rock and mineral compositions (Fo ≤81 in olivine, An ≤75 in 676 

plagioclase). Along with the chemical subduction signature and high estimated water 677 

contents, these characteristics rather suggest a derivation by differentiation of a CAB-like 678 

precursor, as observed in other places in the Cascades (e.g., Kinzler et al. 2000; Hildreth 679 

2007; Moore and DeBari 2012).  680 

Arc-type basaltic andesites at MSH show a pronounced arc signature with enrichment in 681 

fluid-mobile over immobile trace elements and negative Nb-Ta-anomalies (Fig. 5, 11; 682 

Table 2), yet the origin of such compositions in Cascade basalts is still debated. Most 683 

studies agree upon an origin of Cascade CAB and BA by flux melting (~10-30 % partial 684 

melting) of a variably depleted mantle source (Bacon et al. 1997; Reiners et al. 2000; 685 

Grove et al. 2002; Hildreth 2007; Rowe et al. 2009; Moore and DeBari 2012; Mullen et al. 686 

2017). That is confirmed by olivine-hosted melt inclusions with water contents up to 3.6 687 

wt% (Sisson and Layne 1993; Le Voyer et al. 2010; Ruscitto et al. 2010) and experimental 688 

constraints on southern Cascade CAB (Baker et al. 1994). In contrast, Leeman et al. (2004) 689 

and Leeman et al. (2005) concluded from estimated mantle segregation pressures and 690 

temperatures and the depletion of light volatile B and Li in southern Washington basalts 691 

that the young and hot slab almost completely dehydrates beneath the forearc. 692 

Consequently, they proposed that partial melting in the mantle wedge is dominantly dry 693 

and the subduction signature in CAB and BA could be inherited from a mantle source 694 

metasomatized during ancient stages of Cascade subduction. However, depletion of light 695 

volatile B is also observed in the Lassen (Walowski et al. 2016) and Shasta regions (Rose 696 

et al. 2001; Le Voyer et al. 2010) of the arc, nevertheless those basalts contain significant 697 

hydrous slab components. Walowski et al. (2016) explained this discrepancy with a fluid 698 
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source in the sub-slab mantle rather than in the slab itself, which might also be the case in 699 

the southern Washington area. 700 

The distinction between an origin of the subduction signature in MSH arc-type basaltic 701 

andesites from recent flux melting or from an ancient subduction component stored in the 702 

mantle requires the knowledge of water content. Plagioclase hygrometry suggests H2O 703 

content between 2 and 4 wt% H2O. We argue that the upper end is more likely, because 704 

these basaltic andesites have high Al2O3 and low FeO and TiO2 compared to other mafic 705 

units at MSH (Fig. 3), supporting higher water contents in these rocks. Crystallization 706 

under hydrous conditions leads to the suppression of plagioclase and early appearance of 707 

Fe-Ti oxides in the crystallizing mineral assemblage, resulting in higher Al2O3 and lower 708 

FeO and TiO2. In addition, the presence of a hydrous mafic endmember is supported by 709 

water contents up to 6-7 wt% in MSH dacites (Gardner et al. 1995b; Blundy and Cashman 710 

2005; Blundy et al. 2008). Blatter et al. (2017) have shown by mass-balance calculations 711 

based on experiments on MSH dacite that regular recharge of the system by H2O-rich 712 

basalt or basaltic andesite is necessary to induce persistent production of hydrous dacite 713 

liquid in the mid to lower crust. Thus, we interpret arc-type basaltic precursors of these 714 

magmas to result from flux melting of a peridotite source. As primitive compositions are 715 

not preserved, it is not possible to determine whether this source is distinct from those of 716 

LKOT or HFSE-rich basalt or affected by a greater contribution of a hydrous slab-derived 717 

component. Comparably high abundances of (even fluid immobile) trace elements indicate 718 

that all basalt types at MSH derived from mantle sources more enriched than that of N-719 

MORB (Fig. 5, 11). 720 

Heterogeneity of the mantle 721 

The heterogeneity of mantle sources beneath MSH is at least partly caused by the 722 

accretionary history of the arc. The oceanic Siletzia terrane accreted about 50 Ma ago to 723 

the North American border (Wells et al. 2014), likely influencing the oceanic affinity 724 

(including OIB- and E-MORB-like rocks) of many Cascade basalts. In addition, upwelling 725 

asthenospheric mantle, as suggested as a source for HFSE-rich basalts in the Mt. Adams-726 

Simcoe back-arc region (Mullen et al. 2017), might contribute to the heterogeneity in the 727 

mantle wedge (Fig. 12a). Indeed, seismic tomography indicates a gap or tear in the slab 728 

beneath northern Oregon providing a potential pathway for upwelling enriched sub-slab 729 
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mantle (Schmandt and Humphreys 2010; Martin-Short and Allen 2013). Alternatively, 730 

Hansen et al. (2016) suggested that the melt source region lies east towards Mt. Adams and 731 

migrates into the mantle beneath MSH. 732 

The close spatial and temporal eruption of different mafic endmembers (within <5 km and 733 

150 years) at MSH requires simultaneous tapping of different mantle sources and different 734 

melting mechanisms acting over short distances. This is of particular interest, as the slab 735 

reaches only a depth of about 70 km beneath MSH (McCrory et al. 2012), just approaching 736 

the depth range of hydrous mineral break-down and water release (Schmidt and Poli 1998). 737 

LKOT and HFSE-rich basalts derived from at least two distinct, variably trace element 738 

enriched, fertile lherzolite sources. Their origin is dominated by decompression melting 739 

with only minor contributions of a subduction component. In addition, CAB-like 740 

precursors of arc-type basaltic andesites are derived by flux melting from a similar or an 741 

additional mantle source. According to the limited space in the mantle wedge and the 742 

evidence for variable (although minor) amounts of subduction components in different 743 

units of the HFSE-rich basalt group, these likely derived from the water-poor periphery of 744 

the main flux melting regime, potentially tapping an enriched source (Fig. 12a). 745 

Implications for the Mount St. Helens magma plumbing system 746 

Ascent through the crust 747 

The close temporal and spatial eruptions of different basalt types, andesites and dacites 748 

have important implications for the geometry of the MSH magma plumbing system. When 749 

associated with intermediate to silicic stratovolcanoes, basalts are typically restricted to the 750 

periphery of these systems (e.g., Hildreth 2007). The reasons are mush zones in the crust 751 

that induce a shadow zone on the surface. They form rheological and lithological barriers 752 

that intercept ascending denser mafic magmas (Dufek and Bergantz 2005; Karlstrom et al. 753 

2009; Kent et al. 2010). Yet at MSH true basalt erupted trough the axial system. Some 754 

vents of the basalt of the north flank are directly associated with dacitic lava domes (e.g., 755 

Dogs Head dome) and some dykes of the basalt of Castle Creek are observed in the 1980 756 

crater walls. The apparent lack of a shadow effect suggests that some basalts might largely 757 

bypass the major plumbing system. Recent seismic investigations indicate a high velocity 758 

zone in the lower crust vertically beneath MSH and a low velocity zone about 10-20 km 759 
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southeast of the volcano; the latter interpreted as a lower crustal storage zone with 760 

dispersed melt (Kiser et al. 2016). Magnetotelluric data further supports the location of a 761 

lower crustal mush zone east of MSH (Bedrosian et al. 2018). Such an offset geometry of 762 

the magmatic system (Fig. 12a) facilitates the upward migration of basalt aside from main 763 

lower crustal plumbing system and agrees with the simultaneous generation of dacites in a 764 

mid to lower crustal mush zone (at about 700-900 MPa, Blatter et al. 2017). 765 

Different mafic units have distinct chromian spinel compositions and show variations in 766 

source fertility and/or degree of partial melting (Fig. 9b, c). Thus, they require extraction 767 

from the mantle and ascent through the crust as individual batches of magma (except from 768 

the mixed pre-Cave Basalt). Models of dynamic melt transport in the mantle suggest that 769 

melts are transported in a network of channels that converge close to the base of the crust 770 

(e.g., Kelemen et al. 1997; Spiegelman and Kelemen 2003). Channelized transport allows 771 

for the concurrent existence of variable melt compositions in a restricted area; potentially 772 

leading to peripheral channels transporting compositionally different (e.g., water-poorer) 773 

melts. Although much of that melt might get absorbed by the lower crustal mush zone or 774 

freeze during transport, some would eventually be extracted from marginal melt channels 775 

aside from the main focus region of the channel network, facilitated by the proposed offset 776 

geometry of the plumbing system (Fig. 12a) (Kiser et al. 2016). Weak crustal zones 777 

associated with the fracture system beneath MSH (Weaver et al. 1987) might then serve as 778 

conduits for fast and nearly isolated transport of individual magma batches that prevents 779 

them from mixing, stalling, and freezing in the crust. That is consistent with the common 780 

occurrence of different basalt types associated with fracture systems in the Cascades (e.g., 781 

Leeman et al. 1990; Hildreth 2007; Muffler et al. 2011). 782 

Interaction with the shallow crustal system 783 

Geochemical mixing trends from basalt to basaltic andesite within individual units as well 784 

as relics of more evolved material illustrate the interaction of basalt with the upper crustal 785 

part of the system. Distinct compositions of entrained plagioclase cores in individual mafic 786 

units indicate that the ascending magmas assimilate variably evolved magma/mush on their 787 

way to the surface (e.g., the pre-Cave Basalt contains more evolved plagioclase cores than 788 

the basalt of the north flank, Fig. 8). This observation indicates that different units take 789 

individual pathways through the upper crustal reservoir, while tapping compositionally 790 
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different (more evolved), melt-rich regions (Fig. 12b, c). This interpretation is consistent 791 

with recent seismic imaging that shows accumulation of melt (up to 10-12 vol.%) in 792 

laterally dispersed, vertically interconnected lenses within a mush-filled reservoir (Kiser et 793 

al. 2018), although the geometry might have been slightly different during Castle Creek 794 

time. 795 

The difficulty of crossing this mush-filled reservoir is illustrated by the restriction of basalt 796 

eruptions to a short interval during the Castle Creek period (1700-1900 B.P.). Except for 797 

olivine-bearing mafic inclusions in a Cougar age (18-28 ka B.P.) lava flow and olivine-798 

bearing Mo tephra (Clynne et al. 2008), there is evidence for mafic magma (in form of 799 

mafic inclusions) in the shallow magmatic system from 2.6 to 0.2 ka (from Pine Creek to 800 

Kalama eruptive periods). The reason for the sudden appearance of basaltic magma in the 801 

shallow magma system from Pine Creek to Kalama times remains speculative. There is no 802 

supporting evidence for a change in the crustal stress field in the MSH area or a major 803 

edifice collapse during Pine Creek time, as proposed for the initiation of basaltic 804 

volcanism at similar systems (e.g., South Soufrière Hills, Cassidy et al. 2015). However, in 805 

agreement with the location of MSH along a tensional pull-apart basin associated with an 806 

offset in the St. Helens seismic zone (Weaver et al. 1987), it seems likely that a change in 807 

the crustal stress regime (such as an extensional tectonic event leading to re-activation of 808 

old fracture zones) enabled basalts to reach shallow crustal levels. 809 

Conclusions 810 

Detailed chemical and petrological investigations of eight mafic units from MSH that 811 

erupted during a short interval at the end of the Castle Creek period (1900-1700 years 812 

B.C.) reveal three mafic endmembers including HFSE-rich basalts, LKOT and arc-type 813 

basaltic andesites, each resembling more primitive variants in the Cascades. Some of the 814 

heterogeneity in mafic compositions clearly results from fractional crystallization, magma 815 

mixing, and assimilation of old crustal and young more evolved calc-alkaline material at 816 

different depths. However, the variability of the most mafic endmembers still requires at 817 

least two distinct mantle sources and different contributions from a slab-derived 818 

component. 819 
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The close temporal and spatial eruption of three mafic endmembers at MSH indicates 820 

simultaneous tapping of different sources on relatively small scales. LKOT and HFSE-rich 821 

basalts derived dominated by decompression melting from at least two distinct  fertile 822 

lherzolite sources. Both are weakly affected by a subduction component. In contrast, arc-823 

type basaltic andesites likely represent differentiation products of hydrous arc basalt (that 824 

did not erupt) generated by flux melting in the mantle. Our data are consistent with a 825 

formation of HFSE-rich basalts in the water-poor periphery of the main melting column 826 

(potentially tapping an enriched source, Fig. 11, 12a). In those regions water contents and 827 

degrees of melting are low(er), leading to higher concentrations of incompatible elements. 828 

Weak crustal zones associated with the old fracture system beneath MSH (Weaver et al. 829 

1987) likely provide conduits for rapid ascent of individual batches of magma and prevent 830 

them from freezing in the crust and hybridization.  831 

The compositional diversity of magmas erupted during the Castle Creek eruptive period of 832 

MSH requires repeated injection of mafic magma into the shallow magmatic system. The 833 

lack of a shadow zone at MSH (i.e., basalts and basaltic andesites erupt through the axial 834 

system) that is typically observed at other andesitic to dacitic stratovolcanoes in the 835 

Cascades (Hildreth 2007) may be caused by an offset plumbing system, as proposed by 836 

seismic tomography (Kiser et al. 2016). Such geometry would facilitate basalt ascent aside 837 

from the lower crustal mush zone, before they merge with the upper crustal reservoir, 838 

interact with resident dacite, crystallize, and gain their characteristic petrographic 839 

appearance (Fig. 12). Conspicuous geochemical trends from the two basaltic endmembers 840 

towards basaltic andesite are predominantly caused by assimilation of more evolved calc -841 

alkaline material. Sodic plagioclase cores and rare resorbed mafic minerals in most of the 842 

basalts and basaltic andesites form relics of this process. 843 
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firm, or product names is for descriptive purposes only and does not imply endorsement by 850 

the U.S. Government.  851 
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Fig. 1 Shaded relief map of the Mount St. Helens area showing sample localities of Castle 1105 

Creek rocks. Symbols and colors for different units are explained in Table 1. Black lines 1106 

show major tectonic boundaries as discussed by Weaver et al. (1987) including the NNW-1107 

striking St. Helens seismic zone and a pre-Quaternary NE-striking set of fractures. The 1108 

inset map indicates the position of Mount St. Helens about 50 km west of the main 1109 

volcanic axis of the Cascade arc. 1110 

Fig. 2 Major element variations vs. SiO2 of volcanic rocks from the Castle Creek period of 1111 

Mount St. Helens. Each color refers to a single mafic unit (same as in Table 1). Symbols 1112 

outlined in black indicate samples from this study; others compile literature and previously 1113 

unpublished data (Appendix A4). All whole-rock data is normalized to 100 % with FeO* 1114 

recalculated as FeO and Fe2O3 assuming Fe3+/ΣFe = 0.2, except for the LKOT endmember 1115 

(Cave Basalt, Fe3+/ΣFe = 0.15). (a) Total alkali vs. silica (TAS) diagram after Le Bas et al. 1116 

(1986) showing the classification of Castle Creek rocks. The dashed line divides alkaline 1117 

and subalkaline rocks (Irvine and Baragar 1971). (b) K2O vs. SiO2. Dashed lines separate 1118 

the fields of low-K, medium-K, and high-K after Gill (1981). (c) FeO*/MgO. Fields for 1119 

tholeiitic and calc-alkalic rocks are shown after Miyashiro (1974). 1120 

Fig. 3 Major element variations vs. MgO. Symbols as in Table 1. Shaded fields show 1121 

compositions of different types of primitive basalts across the southern Washington 1122 

Cascades taken from Leeman et al. (2005) and references therein: calc-alkaline basalts 1123 

(CAB), low-K olivine tholeiites (LKOT), nepheline-normative ocean island-type (ALK) 1124 

basalts, and hypersthene-normative ocean island-type basalts (OIB). 1125 

Fig. 4 Trace element variations in Castle Creek rocks. Most incompatible trace elements 1126 

form trends from LKOT and HFSE-rich basalt endmembers towards basaltic andesite as 1127 

shown by most major elements. Symbols and fields as in Fig. 3. Some more compatible 1128 

elements occur in the same abundances in both series. 1129 

Fig. 5 Rare earth elements (left) and incompatible trace elements (right) normalized to 1130 

chondrite and primitive mantle (Sun and McDonough 1989), respectively, in LKOT, 1131 

HFSE-rich basalts, and arc-type basaltic andesites. Compositions of Castle Creek dacites, 1132 

Cascade LKOT, HFSE-rich basalts and CAB (colored fields, Mullen et al. 2017), and 1133 
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normal mid ocean ridge basalts (N-MORB), enriched (E-) MORB and ocean island basalts 1134 

(OIB) (Sun and McDonough 1989) are shown for comparison. 1135 

Fig. 6 Isotopic compositions of Castle Creek period rocks spanning basaltic to dacitic 1136 

compositions. Isotope data from Halliday et al. (1983) and Leeman et al. (1990) is shown 1137 

for comparison. (a) 143Nd/144Nd vs. 87Sr/86Sr. The grey field indicates compositions of 1138 

primitive Cascade arc rocks (Mullen and McCallum 2014 and references therein). The 1139 

inset shows the samples in a broader isotopic framework including bulk silicate earth 1140 

(BSE), depleted mantle (DM), high ‘μ’ = 238U/204Pb (HIMU), and enriched mantle 1 and 2 1141 

(EMI and EMII). (b) 87Sr/86Sr vs. SiO2, (c) δ18O vs. 87Sr/86Sr, and (d) δ18O vs. SiO2 of 1142 

whole-rocks and plagioclase and olivine separates. Fields for mid ocean ridge basalts 1143 

(MORB) and the array of δ18O during closed system differentiation are taken from 1144 

Bindeman (2008). 1145 

Fig. 7 Backscattered electron images showing (a) a glomerocrystic aggregate with weakly 1146 

normally zoned plagioclase and olivine from the Cave Basalt (LKOT endmember), (b-d) 1147 

reversely and complexly zoned plagioclase crystals from HFSE-rich basalts and basaltic 1148 

andesites with sodic cores that are partly or completely resorbed and recrystallized. Some 1149 

show alternating zones of internal normal zonation. Rims are normally zoned. (e) olivine 1150 

crystals with a thin Fa-rich rim and chromian spinel inclusions from HFSE-rich basalt, (f) 1151 

olivine crystal with spinel inclusions rimmed by orthopyroxene from an arc-type basaltic 1152 

andesite. 1153 

Fig. 8 Histograms of anorthite (An) content in plagioclase comparing core and rim 1154 

compositions of normally and reversely/complexly zoned crystals in different Castle Creek 1155 

units. Units are shown in stratigraphic order from lower left to upper right. Normally 1156 

zoned crystal cores overlap with rims of reversely zoned crystals. 1157 

Fig. 9 Compositional variations in olivine and chromian spinel inclusions in different 1158 

Castle Creek units. (a) Rhodes diagram showing the forsterite (Fo) content of the olivine 1159 

vs. Mg# in whole-rock (Mg# = Mg/(Mg+Fe2+), calculated on a molar basis assuming 1160 

Fe3+/ΣFe = 0.15 for the Cave Basalt and 0.2 for all other mafic units). The equilibrium line 1161 

refers to a KD(Fe-Mg)ol-liq of 0.3±0.03 (Putirka 2008). Filled symbols indicate crystal cores, 1162 

unfilled symbols crystal rims. Sparsely occurring type 2 and 3 olivines in the pre-Cave 1163 
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Basalt and the basalt of the south flank are shown as crossed squares. (b) Cr# (Cr# = 1164 

Cr/(Cr+Al)) vs. Fo content of contiguous olivine-spinel pairs. The arrow in the olivine 1165 

spinel mantle array (OSMA, Arai 1994) indicates increasing refractoriness of the mantle 1166 

source and/or increasing degrees of partial melting. Colored fields show spinel 1167 

compositions of southern Washington LKOT (open diamonds), HFSE-rich basalts (open 1168 

triangles), and CAB (black points) of Smith and Leeman (2005). (c) Spinel Cr# vs. Mg#.  1169 

Fig. 10 (a) Oxygen fugacity (fO2) vs. temperature (T) calculated from olivine-spinel pairs 1170 

of different units (Ballhaus et al. 1990; Wan et al. 2008). Spinel with Mg# <0.6 is shown in 1171 

opacity. Quartz-fayalite-magnetite (QFM) buffer curves are indicated for QFM (continuous 1172 

line) and QFM+2 (dashed line) (Frost 1991). Magmatic temperatures of the two basalt 1173 

groups and their endmembers determined by different thermometers by Leeman and Smith 1174 

(2018) are shown for comparison. (b) Ca-Na exchange between plagioclase and liquid. 1175 

Ca/Na plagioclase is shown for the most calcic plagioclase composition in cores of 1176 

normally zoned crystals (filled symbols) and in outer zones of reversely zoned crystals 1177 

(empty symbols) of different units; outliers in two units are displayed in opacity. Ca/Na 1178 

liquid is taken from molar whole-rock (wr) compositions. An arrow illustrates the effect of 1179 

dacite assimilation. Lines indicate experimental partition coefficients (KD) from Sisson and 1180 

Grove (1993) referring to 2, 4, and 6 wt% H2O, respectively.  1181 

Fig. 11 (a) Ba/Zr vs. Nb/Zr , (b) Ba/Nb vs. Nb, (c) Zr/Nb vs. La/Yb, (d) Zr/Nb vs. Dy/Yb. 1182 

Symbols and colors as in Fig. 3. Note that Zr/Nb and La/Yb are plotted on log scales. The 1183 

grey field in (a) indicates the compositional range of oceanic basalts from Leeman et al. 1184 

(1990). Compositions from N-MORB, E-MORB and OIB after Sun and McDonough 1185 

(1989) and the East Pacific Rise (EPR) (PetDB 2015) are shown for comparison. 1186 

Fig. 12 (a) Perspective view of the proposed magmatic plumbing system of MSH with the 1187 

three basalt types derived from different mantle sources. Hydrous arc basalts are generated 1188 

by flux melting in the mantle wedge, whereas HFSE-rich basalt derived from the (water-1189 

poor) periphery of the main melting column, potentially tapping an enriched source. LKOT 1190 

derived by decompression melting from a fertile lherzolite source in the uppermost mantle. 1191 

Note that the spatial distribution of mantle sources is schematic and remains speculative. 1192 

Arc basalts predominantly feed the lower crustal mush zone, while peripheral LKOT and 1193 

HFSE-rich basalts bypass the main lower crustal plumbing system. Crust and mantle 1194 
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geometry is based on Parsons et al. (1999)  and McCrory et al. (2012). The positions of the 1195 

magma reservoirs are inferred from seismic low velocity zones (Kiser et al. 2016). The 1196 

outline of the upper crustal magma reservoir is taken from Scandone and Malone (1985) 1197 

and Pallister et al. (2008). The serpentinized mantle wedge and magma transport into the 1198 

wedge from further east is shown as suggested by Hansen et al. (2016). (b) Schematic 1199 

cross-section section through the upper crustal magma reservoir illustrating the 1200 

entrainment of antecrystic material into the HFSE-rich north flank basalt and (c) the 1201 

entrainment of cognate crystal mush into the Cave Basalt (LKOT) after the pathway was 1202 

cleaned by preceding basalts. The upper crustal mush is pictured as plagioclase (white, 1203 

striped), amphibole (brown), pyroxene (green), oxides (black), and melt (light grey). 1204 
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Table 1: Stratigraphy of the Castle Creek eruptive period of Mount St. Helens 

Age Symbol Unit* Abbr. Rock type 

Late Castle Creek period (~1895-1700 years BP) 

 

 

Andesite of Loowit Trail alt lava flow, breccia 

 

 

Basaltic andesite of Nelson Glacier mng lava flows 

1730±35 BP 

1740±70 BP 

 

Basalt of Castle Creek/Bu3 tephra bcc/Bu3 lava flows/tephra 

 

 

Andesite of the Baguette flow (?) ab lava flow 

 

 

Andesite of the Plains of Abraham apa lava flows 

1765±40 BP, 

1795±30 BP 

 

Andesite of Sasquatch Steps ass 
lava flows, lahar, 

pyroclastic flows 

 

 

Basalt of the north flank, Bu2 tephra bnf/Bu2 lava flows/tephra 

 

 

Basaltic andesite of Truman Trail mtt lava flows 

 

 

Andesite of section 26 a26 lava flows 

Middle Castle Creek period (~1895 ± 10 BP) 

1895±10 BP 
 

Cave Basalt bc lava flows 

 

 

Pre-Cave Basalt (high-K/low-K) bpc lava flows 

 

 

Basalt of the south flank/Bu1 tephra bsf/Bu1 lava flows/tephra 

Early Castle Creek period (~2025-1990 years BP) 

 

 Dacite of Redrock Pass (?), Andesite of 

the North Rim, Dogs Head dome 
dcc 

lava flows, lava 

domes 

 

 

Bi tephra Bi tephra 

1990±40 BP 

2025±40 BP  

 Northwest dome, Dacitic lahars and 

pyroclastic flows 
dcc 

lava dome, lahars, 

pyroclastic flows 

*Units (bcc, bpc, bsf) that encompass basaltic and basaltic andesitic compositions are referred to as basalts. 
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Table 2: Chemical characteristics of mafic endmembers from Mount St. Helens 

Type HFSE-rich basalt LKOT 
Arc-type basaltic 

andesite 

Unit (bnf, Bu2) (bc) (mng) 

Symbol    

SiO2* (wt.%) 49.4 - 50.5 49.6 - 51.1 53.9 - 56.2 

MgO* (wt.%) 6.4 - 7.4 6.1 - 7.3 4.0 - 4.9 

K2O* (wt.%) 1.2 - 1.5 0.5 - 0.7 0.85 - 1.0 

TiO2* (wt.%) 1.9 - 2.2 1.4 - 1.7 1.2 - 1.4 

Ni (ppm) 80 - 141 74 - 108 34 - 52 

Nb (ppm) 27 - 34 6 - 9 5 - 9 

Sr (ppm) 580 - 680 320 - 350 485 - 505 

La/Yb 9.3 - 12.9 3.8 - 4.1 6.4 - 9.2 

Dy/Yb 2.0 - 2.3 1.8 - 1.9 2.0 - 2.3 

Nb/La 1.3 - 1.4 0.8 0.5 - 0.7 

Ba/La 13.7 - 14.8 14.3 - 15.0 19.2 - 23.0 

Olivine ≤Fo85 ≤Fo81 ≤Fo81 

Spinel Mg# ≤68 Mg# ≤63 Mg# ≤52 

Plagioclase ≤An78 ≤An75 ≤An75 

T (°C)# 1170 - 1270 1235 - 1310 
 

Δlog(fO2)QFM# +0.5 to +1.1 +0.1 to +0.4   

*Range includes data from compilation in Data Repository 5 
#T and fO2

 calculated from olivine-spinel pairs using the methods of Wan et al. (2008) and 

Ballhaus et al. (1990). 
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