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Abstract

Injection of volatile-rich mafic magma prior to an erupu ~n raay trigger episodes of volcanism and
can act to transfer metals from depth. However, pe*. ~logic knowledge of the timescales from mafic
injection to eruption have thus far been focusseu -n mineral-scale studies of chemical zoning
patterns. The study of mafic enclaves disprsec witnin eruption products can provide insights into
the interaction between deep and shallow re_2rvoirs. We combine >**U-**°Th-**°Ra-**°Pb isotope
data with trace element concentratior: aci >ss the interface of two contrasting mafic enclaves in
contact with their host andesite fror~ th. 7010 eruption at Soufriere Hills Volcano (SHV), Montserrat
to investigate the history of mas.. ex~hange between the mafic enclave and the andesite host. The
application of these time-sensit, "2 1sotopes highlights complexities in the transfer of volatiles and
metal elements between . mas and the enclaves’ potential as eruption triggers. The enclaves
exhibit (*°Pb/**®Ra), iau>s - 1 consistent with volatile input to the subsurface plumbing system a
few decades prior to eru,..on. Samples of the andesitic host, however, which make up the bulk of
the eruptive products, have (*°Pb/**°Ra), < 1 suggesting no net volatile gain in the decades leading
up to eruption, or that melt-volatile interaction is on a timescale unresolvable by *°Pb-**°Ra
systematics (i.e. <2 years). Variations in trace elements such as Cu, Pb and Ba show loss of a
magmatic volatile phase and transport of metals within the deeper part of the plumbing system
during differentiation of magmas feeding SHV. Our results do not support that volatile transfer into
the andesite via enclaves is a direct trigger of explosive eruptions although the enclaves are likely
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syn-eruptively formed. 22U->Th-**°Ra->"°Pb and trace element systematics at SHV support a role for

fresh magma influx during periods of unrest, but long-term accumulation of the andesite.
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1. Introduction

Models of subsurface magmatic plumbing systems are becoming increasingly complex with advances
in geophysical and geochemical studies from the regional scale of the whole volcano down to the
individual crystal scale (Sparks et al., 2019). Detailed geochemical studies of the individual
components of a magmatic system (e.g. volatiles, crystals, melts) can provide information on their
interactions with one another and over what timescales, revealing important detail of the volcanic
process from mafic recharge at depth to explosive eruption and ou.7assing at the surface. Micro-
scale observations such as crystal ‘stratigraphy’ (e.g. Santorini, Mar in et al., 2008 and Quizapu,
Ruprecht and Bachmann, 2010), and glass composition studies (e.g. Eyjafjallajokull 2010 (Sigmarsson
et al., 2011) and Pinatubo 1991 (Pallister et al., 1992)) have ~rovided insight into these processes.
Although these approaches can constrain timing of mar.. ini :ction, they provide less constraint on
the role of volatiles in driving recharge or explosivz ~ruption. Understanding the whole magmatic
and volcanic system from source to surface is r.f g 2Zc importance at active volcanoes which are
constantly monitored. Some silicic explosive eru stions may be triggered by injection of mafic magma
causing magma mixing, re-heating, convection, .he transfer of volatiles and then vesiculation. These
magma chamber processes can subseg':2ntiy lead to overpressure and induce an explosive eruption
(e.g. Sparks et al., 1977). The injectic~ o0\ ¥*ash, mafic magma at arc volcanoes also provides a source
of sulphur and halogens which cz . ¢. mplex with metal elements such as copper (e.g. Nadeau et al.,
2016). Answering questions rega.ing the transport of metals and their eventual enrichment in the
subsurface is becoming ir.icasimigly critical as green industry and stringent energy requirements

become more important.

Uranium series radionuclide analyses can be applied to young volcanic products to investigate the
histories of interactions between magmas and volatile phases (Bourdon et al., 2003). The ***Ra->*°Pb
pair are particularly useful because an intermediary daughter, **’Rn (half-life (t%4) = 3.8 days), will
preferentially partition from magmas into an associated magmatic volatile phase (MVP). In addition,
%} (%% = 22.6 years) may preferentially partition into the MVP along with common Pb if it is
sufficiently saline (e.g. Rusk et al., 2004). Thus, a (**°Pb/***Ra), activity ratio which differs from one in
recently erupted volcanic rocks is a strong indicator of volatile loss or gain prior to eruption (Berlo

and Turner, 2010; Gauthier and Condomines, 1999).



We present data on trace element and **U-**°Th-?*°Ra->’°Pb variations across mafic enclave-
andesite host interfaces to investigate the role of mafic magma recharge and volatile transfer
beneath an active arc volcano. The most recent eruption at Soufriére Hills Volcano, Montserrat (SHV)
in January-February 2010 provides a unique opportunity for detailed investigation of volatile and

metal transport via mafic enclaves, and the potential of this process as an eruption trigger.

2. The 1995-2010 AD eruption of Soufriére Hills volcano and the significance of enclave

formation

From July 1995 to February 2010 SHV underwent five eruptive phases (Phases I-V) characterised by
dome growth alternating with repose periods. All andesitic pyrc ~Jastic flow deposits formed by
dome collapse contain mafic enclaves (1-7%) resulting from mar,m.tic interactions and which are
interpreted as ultimately due to recharge of the magmatic sy~...m \8arclay et al., 2010). Details of
the eruptions, monitoring and petrology of the volcanic ‘ock. are summarised in Wadge et al.
(2014). A prominent feature of SHV is its large SO, plum: arn.! continued outgassing throughout the
hiatuses and since February 2010. This is likely due to tk 2 picsence of pathways through the crystal
mush which allows for transport of volatiles prc /isec by multiple cycles of underplating mafic
magmas (Edmonds and Woods, 2018). A *°FL, **n~ study of bulk enclaves and andesites spanning
the entire duration of the eruption inferre. the cessation of mafic input and subsequent fresh
volatile supply towards the end of Ph.-e Il (McGee et al.,, 2019), consistent with petrologic

observations of the enclaves over time b/ F1dil et al. (2018).

The formation of mafic enclaves wi hin silicic host rocks is controlled by rheological and density
contrasts developed between m..ing magmas following heat exchange (Sparks and Marshall, 1986).
Large viscosity contrasts “av~ur enclave formation, although disaggregation of enclaves is also
common (Coombs et al., 20u3; Ubide et al., 2014) and is observed at SHV (Humphreys et al., 2009).
Three main mechanisms . formation and incorporation of mafic enclaves have been suggested: (1)
forced injection by dyking followed by convection (Bacon, 1986; Eichelberger and Izbekov, 2000); (2)
the development of gravitational instabilities due to accumulation of volatiles within the mafic
magma (Bacon, 1986; Coombs et al., 2003; Edmonds et al., 2015; Kayzar et al., 2009; Thomas and
Tait, 1997), and (3) syn-eruptive formation of enclaves, where hybridised enclaves are rapidly
incorporated into their host during ascent and eruption (Cioni et al., 1995; Plail et al., 2018; Suzuki et
al.,, 2013). The addition of mafic material at depth is recognised as a means of growing and
maintaining the eruptive mass of the magma reservoir (Cioni et al., 1995; Plail et al., 2018).
Importantly, eruption triggers could also be external, although all three mechanisms described here

provide a means of introducing heat, volatiles and volume into the overlying magma reservoir.



The interface between the mafic and silicic magmas is a critical zone for understanding enclave
formation, their potential as an eruption trigger; and the transfer of volatiles and elements that may
occur. Here we examine two texturally different volcanic rock samples that are equally abundant at
SHV (Plail et al., 2014a) collected from the products emplaced during the final dome collapse of
February 2010. Although enclaves occur in andesitic material throughout all five eruptive phases at
SHV we focus on the last eruption of Phase V to investigate the most recent mass exchange to occur
at the volcano. One sample is a non-vesicular enclave and was serially sectioned across the enclave-
host andesite boundary (Fig. 1A). The other sample contains a highly vesicular enclave interior and
was cut into representative sections (vesicular enclave, non-vesicular enclave, andesite host, Fig.

1B).
3. Methods

Samples of clast material from pyroclastic flow deposits <mp...ed in February 2010 (MT35 and
MT75, Fig. 1) were cut with a precision diamond saw. “olisYed thin sections were made of small
portions of the samples across the enclave-andesite intF.fac. the remaining sample was cleaned in
distilled water, dried, crushed and powdered in 3. azate mill. All data, blanks, duplicates, and

standards are presented in the online appens .~ Ti.. data presented in figures are shown in Table 1.

3.1. X-ray mapping
Micro XRF maps of major and trace eler.~nt ~bundances were produced using a Bruker M4 Tornado
on polished thin sections. The instr'me. * is equipped with a Rh X-ray tube (excited at 50 keV and
200 mA) and two Bruker 30mm? }-fa_h SDD EDS detectors. The beam diameter was 20 mm, the pixel
size was 35 mm per pixel with a *well time of 10 ms and the instrument was scanning continuously
at a rate of 100 mm/s. 7. 4 Tornado’s software (HyperMap) elaborated the spectroscopic

information obtained.

3.2. Whole rock trace element geochemistry
Approximately 100 mg of each sample was digested using a 1:1 mixture of HF (Merck, Suprapur
grade) and Teflon distilled HNO; (Merck) at 120°C for 24 hours, then dried down and repeated.
Samples were then digested in a mixture of 2 ml HF (Merck Suprapur) and 10 drops of HCIO, (Merck
Suprapur) overnight and dried down gradually to remove fluoride complexes. A further digest in 6N
HCI and then 6N HNO; was performed before samples were dissolved in a 2% HNO; + 0.5% HF for
analysis. Samples were spiked with 20 uL of a mixed solution containing °Li, As, Rh, In and Bi in 2%
HNO; to monitor instrument drift throughout the analytical session. Trace elements were analysed

by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) on an Agilent 7500cs at Macquarie



Geoanalytical (MQGA) at Macquarie University. USGS rock standard BCR-2 was used for calibration
and BIR-1 and BHVO-2 were analysed at 1:1000, 1:2000, and 1:5000 dilutions as unknowns to assess
data accuracy. All standard data and a method blank are reported in the online appendix. Most
elements were measured to within 5% of GeoRem preferred values (2016), all other relevant
elements were within 10% with the exceptions of Cu (8% in BIR-1, 11% in BHVO-2), Ta (12% in BIR-1
at 0.03 ppm, 3% in BHVO-2), Pb (57% in BIR-1, 2.6% in BHVO-2) and Th (11.6% in BIR-1 at 0.03 ppm,
1.3% in BHVO-2). Maximum error bars based on this accuracy are included in relevant figures.
Internal precision based on repeat analyses of standards at the beginning and end of the analytical

session is <4% for all elements and mostly better than 1.5%.

3.3. Whole rock U-Th-Ra-Pb isotopes
Approximately 300 mg of each sample was spiked with a mixcd *’U-**Th and **Ra spike and
digested following conventional methods. U and Th were extr. «tec from a single pass through AG1-
X8 resin and analysed by multi collector (MC)-ICP-MS (Nu '~<ti-ments) at MQGA. Further separation
through two AG50W-X8 columns, a Ln-spec column and « €.-spec column purified the Ra fraction,
which was analysed by Thermal lonisation Mass sp :ctrometry (Thermo Finnigan Triton) also at
MQGA. *'°Pb was analysed using *°Po as a prox;, A z g aliquot of sample powder was digested and
Po eluted from the sample matrix using wc ‘m “.5N HNO; on a column of AG1-X8 cationic resin. Po
was auto-plated onto silver discs using a magnetic hotplate and alpha radiation counted on an
Ametek Alpha Counter for approximat-:ty *0 days. Post-analysis processing converted *'°Po to initial
21%p based on the age of the sampl =5 “nu the half-lives involved (**°Po = 138 days, *'°Pb= 22.6 years,
Bourdon et al., 2003). McGee et ~I. (2019) present full details of the analytical procedures employed.
All U-Th-Ra and the *°Pb for sar. nle MT35 were analysed at MQGA. **°Pb for sample MT75 was
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analysed at the University ot .owa. Two samples were duplicated for “°Ra concentrations using a

228
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newly processed and cali. -ate Ra spike at MQGA and these reproduced to better than 1% from

the original value. One sample was duplicated for **°

Po concentration at MQGA and reproduced to
within 7% of the original value. The standard TML (Table Mountain Latite) and USGS rock standard
BCR-2 were run for U-Th-Ra isotopes and the data are compared to the compilation of Scott et al.
(2019). The USGS rock standards BCR-2 and RGM-2 were run for 2*°Po analyses and compared to the
analyses reported in Reagan et al. (2017). U-Th isotopes and concentrations for standards reproduce
better than 3%, **°Ra concentration and (***Ra/**°Th) ratios reproduce better than 5% and 210pg

concentrations reproduce better than 1.5% relative to the preferred values. Throughout the paper

parentheses denote activity ratios.

3.4. Whole rock volatile data



Whole rock contents of carbon, sulphur and nitrogen were analysed on rock powder aliquots on an
Elementar VARIO EL Cube at MQGA. USGS rock standards BCR-2 and AGV-2 were run throughout
each analytical session and are compared to both literature values (where available) and long-term
reproducibility within MQGA. In the following plots the range of values obtained for multiple
aliquots of each sample are plotted, as this is greater than the offset from the standards. All

standards are shown in the online appendix.

4. Results
4.1. Petrography
Samples MT35 and MT75 contain similar mineral assemblages for both host andesite and basaltic
andesite enclave portions: the main minerals are plagioclase + orthopy.2xene + amphibole and Fe-Ti
oxides in decreasing order of abundance. Cross polarised light v.~ws of the samples are shown in
Figure 2, and detailed X-ray maps of a section from both M 35 i nd MT75 are shown in Figure 3
showing Al (red), Ca (green) and Fe (blue) abundances. P=ngc~ of values for anorthite [An = 100 x
molar Ca/(Na+Ca+K)] and MgO are based on unpublish. % on-going work on plagioclase by the

authors.

Sample MT35 (Fig. 1A) is a porphyritic ande.ite anu part of a basaltic andesitic enclave (defined as
“Type A” by Plail et al. 2014a). In the andesitic ~ost, plagioclase is the most abundant phase and has
a range of textures (patchy, oscillatory zoni, = and sieve-textured). Plagioclase core compositions are
Angs.;s, with MgO contents from about 0.)1 to 0.04 wt%, while rims are >Any, and tend to have
higher MgO than the cores. Orthop,voxene phenocrysts are unzoned or have a thin rim (<10 um) of
clinopyroxene. Amphibole is ur.-eac*ed or sometimes contains inclusions of plagioclase and oxides.
Quartz is present and has re~cy >, rims of clinopyroxene and magnetite. Apatite and rare zircon are
also present. The gro’.. 1dn, << of the host andesite is dominated by plagioclase with microlites of
orthopyroxene, clinopyrcv..ne, Fe-Ti oxides, glass and rare vesicles also present. In the enclave,
orthopyroxene occurs as single isolated crystals or as glomerocrysts (up to 8 mm), some with
reaction rims of clinopyroxene. Reacted large amphibole, quartz with or without reaction rims of
clinopyroxene (up to 2 mm in size) and Fe-Ti oxides are in lower abundance than in the andesite
portion. Accessory minerals are apatite and rare zircon. The groundmass of the enclave is diktytaxitic

with euhedral laths of plagioclase, amphibole and pyroxene, and bounding crystal margins.

Sample MT75 (Fig. 1B) is an andesite containing a part of an enclave defined as composite (“Type C”,
Plail et al., 2014a). Plagioclase is the dominant phase with textures and compositions similar to

MT35: phenocrysts (up to ~ 3 mm in size), with core compositions of Ansy.ss and MgO 0.01-0.02 wt%
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and with rims of Anyyg; and MgO up to 0.1 wt%. Orthopyroxene crystals are unzoned. Amphibole is
unreacted and magnetite is also present. Quartz is not present in the host andesite. The andesite
groundmass is dominated by microlites of plagioclase, orthopyroxene, clinopyroxene, Fe-Ti oxides
and glass. The enclave portion shows two different textural zones. The zone in contact with the
andesite (‘non-vesicular enclave’ in Figure 1B) has a higher abundance of plagioclase, orthopyroxene
and amphibole phenocrysts presumably inherited from the host andesite that show disequilibrium
textures (Plail et al. 2014; sieve-textured plagioclase, amphiboles with broken down rims, ‘older’
crystals in Figure 2) and low vesicularity. The diktytaxitic groundmass is composed of plagioclase,
orthopyroxene, clinopyroxene, amphibole and glass, similar in texture to the basaltic andesitic
enclave in MT35 (Figs. 2-3). The other, interior; zone (‘vesicL'ar enclave’ on Figure 1B) is
characterised by rare inherited phenocrysts of plagioclase, or hop ‘roxene and amphibole in a
seriate-textured groundmass of euhedral plagioclase, clinofyro. 2=ne and amphibole. The higher

vesicularity of the interior part of MT75 can be seen on the ;. ray map in Figure 3.

4.2.Trace element and volatile data

All samples have incompatible trace element pcotterns that display a typical volcanic arc trend of
relative enrichment in fluid mobile elemcts such as U, Pb and Sr and depletions in immobile
elements such as Nb, Ta and Ti relativc to the rare earth elements (REE). The mafic enclaves are
similar to basalt samples from the Sou*n 4V eruption (Zellmer et al. 2003a), although the andesites
are more enriched in the most u.~owipatible elements (Fig. 4). All andesite samples have
approximately double the concentrauon of highly incompatible trace elements (Rb, Ba, Th, U and
the light REE) compared to the ~nclaves (Figs. 4-5), reflecting the more evolved nature of the
andesite. Concentrations ¢t se ‘eral metals (Pb and Zn) and Sr, however, have similar abundances in
both enclave portion anu ndesitic host of each sample (Figs. 4-5, Table 1). Cu is depleted in the
andesite compared with the enclaves. Heavy REE concentrations are similar in all samples, with the

exception of one more enriched MT35 enclave sample.

Whole rock S concentrations range from 24 to 62 ppm in MT35 and 32 to 72 ppm in MT75 (Fig. 5).
The highest values are in MT35-B (enclave) and MT75-B (vesicular enclave) (see full dataset in the
online appendix). C and N data show little variation except for anomalously high carbon values in

sample MT75-C (Fig. 5).

4.3. U-series data



The U-series data largely lie within the range of previous bulk andesite and enclave data from the
1995-2010 eruption (McGee et al. 2019, Fig. 6). All samples have (3*U/?*®U) ratios within error of or
very close to equilibrium (Table 1). Andesite samples analysed here have slight U-excesses (lie to the
right of the equiline in Fig. 6A; (3*°Th/?*3U) = 0.98-0.99) and equilibrium (***Ra/**°Th) ratios (Figs. 6A-
B). These andesites also have *°Pb->*°Ra equilibrium or small 2°Pb-deficits ((**°Pb/**°Ra), <1). The
serial enclave samples have more significant U-excesses ((**°Th/***U) =0.91-0.97) and moderate

210

®Ra-excesses ((**°Ra/*?*°Th) =1.07-1.81). A majority of these samples have Pb-excesses

((**°Pb/***Ra), up to 1.4) or have (*°Pb/**°Ra), values within error of equilibrium (Fig. 6C).

In detail, all enclave slices from MT35 have **°Pb-excesses ((**°Pb/**°Ra), = 1.3 to 1.4), (***Ra/**°Th) =
~1.2, and (**°Th/?*®*U) =0.96-0.97. The non-vesicular portions of sanle MT75 have similar ratios
between longer-lived U-series nuclides, with (226Ra/23°Th) = 1.07 1.15, and (23°Th/238U) =0.95-0.97.
However, (**°Pb/***Ra), ratios are within error of equilibriun (Fir,. 7). The vesiculated interior of
MT75 has significantly lower (3°Th/?2U) and higher (**°Ra,”*°Th) ratios (Fig. 7) than the non-
vesiculated portion. Importantly, the (**°Pb/**°Ra), ratios ¢ *i1e two vesiculated samples differ, with

(**°Pb/***Ra), = 0.8 to 1.2 (Fig. 6C and 7).

5. Discussion
5.1. Millennial-scale magma additions ana .' ‘cadal-scale volatile fluxes
Disequilibria between isotopes in the **U ecay chain constrains timescales of magmatic processes
such as mantle melting or addition c¢ ab fluids (e.g. Turner et al., 2003). Disequilibria are
measurable for up to approximatly 5 half-lives of the daughter isotope (Bourdon et al., 2003)
although errors are considerahly ~rger after 2-3 half-lives have passed. Unusually for recent arc
magmas, most SHV andesite scmp.es have equilibrium (*°Th/**U) and (**°Ra/**Th) ratios (Fig. 6A-B,
Fig. 7). If the parental ma,_mas for this system have U-Th-Ra disequilibrium, as is suggested by the
enclave data presented he e and in McGee et al. (2019), then these data are consistent with the
mass accumulation of the bulk andesite over hundreds of thousands of years (*°Th half-life = 75
kyrs) without significant additional U-Th-Ra fractionation (Zellmer et al., 2003a). This scenario might
be expected for thawing of an older plutonic mush (Cooper and Kent, 2014) or long timescales of
melt residence in the lower to middle crust. Although melting of upper crustal plutonics beneath
SHV is unlikely given their recent generation (<170 ka), hydrothermally altered volcanic rocks from
the 550-950 ka Centre Hills Volcano are present in the subsurface (Paulatto et al., 2019). Some Phase

| andesite samples have (3*U/**®

U) ratios >1 (McGee et al. 2019) which may support interaction with
hydrothermally altered rocks (due to the preferential loss of 2*U upon interaction with fluid). This

interpretation is consistent with hydrogen isotope evidence cited in Harford and Sparks (2001) for



remelting of altered material in Phase | amphiboles. Nevertheless, the significant U- and Ra-excesses
in most enclave samples at SHV (Fig. 6A-B, Fig. 7) show that young mafic magmas have intruded into
the andesite within millennia of eruption (**Ra half-life = 1600 yrs). This places a time constraint on

mafic magma recharge into the andesitic magma system over its lifespan.

The much shorter half-lives involved in the ***Ra-**’Rn-*°Pb portion of the 2*U decay chain (**°Pb
half-life = 22.6 years, ??Rn half-life = 3.8 days) mean that ratios of these isotopes can detect and
constrain timescales of magmatic processes occurring over several decades prior to eruption. The
relatively consistent (21°Pb/226Ra)0 values of 1.4 for samples from enclave MT35 show enrichment in
Rn or Pb over Ra shortly before it erupted. In contrast, enclave MT75 must have been subject to a
complex history of short-lived radionuclide migration based on the .~ixed (**°Pb/***Ra), values in
samples from the vesicular interior and the equilibrium values for *he aon-vesicular portion (Figs. 6-
7). The (21°Pb/226Ra)0 value of 1 for the host andesite, howeve . sk ow that, whatever its cause, this

210

signature was not imparted to the andesite. Increasingly '=-ae <~ Pb-deficits in the andesite erupted

from 1995 to 2010 were modelled by McGee et al. (201s) *u reflect continuous degassing of **’Rn

22Ra due

from the andesitic reservoir over several decades. %in ilar deficits of *°Pb with respect to
to year to decade scale degassing are common ;- basaltic lavas from non-arc settings (e.g. Kilauea,

Girard et al., 2017; Mt Cameroon, Turner et al., .013).

5.2. The potential of Pb contribution fro..~ old and young crystals
There is abundant petrographic eviden e 1or transfer of material between andesite and enclave
magmas (Section 4.1) and severc: stucies have documented crystal exchange from andesite to
enclave magma and vice versa spc-ifically in material from the most recent SHV eruptions (Barclay
et al., 2010; Humphreys et al., ?0°.0; 2013; Murphy et al., 2000; Plail et al., 2014a). Figures 2 and 3
show a range of plagircla. = si_es in MT35 and MT75 which we interpret as the transfer of older,
inherited phenocrysts into he mafic magma sourcing the enclaves and younger material from the
mafic enclave present in the host andesite. Importantly, although disaggregation of enclaves clearly
takes place (a study by Humphreys et al. (2013) calculated that approximately 16% of andesite

210
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groundmass plagioclase may have come from the mafic enclaves), there is no record of “~Pb-excess

transfer from the enclave to the andesite in contact during disaggregation, at least on a timescale

226 210
Ra-

that can be reflected in Pb disequilibria.

The relative proportion and location of plagioclase populations that are potentially the last to have
formed (‘younger’) and all other plagioclase (‘older’) is portrayed in Figure 2. While groupings of
plagioclase are in reality far more complex, this classification aids discussion of possible sources of
young Pb. Given the small slices of each sample analysed for this study, it is possible that some

9



sections contained larger amounts of phenocrysts than others. A cross-polarised light view of each
sample was chosen where enclave-andesite proportions were similar; we note that not all
plagioclase is included due to very small grain size or extinction position, therefore populations
represent a minimum estimate. Plagioclase phenocrysts generally larger than 1 mm with sieve
textures, complex oscillatory zoning and frequently composed of several glomerocrysts were
labelled as ‘older’ (Fig. 2). This population is very common in the andesite, less common in the
enclave and rare in the vesicular enclave of MT75. A plagioclase population characterised by
euhedral lath-shaped crystals prevalently <1 mm in length in general lacking sieve textures was
labelled as ‘younger’. Obvious rims on ‘older’ plagioclase cores were also classed as ‘younger’
plagioclase (Fig. 2). Both younger rims and phenocrysts are far less “ammon in the andesite than in
the enclave portions of both samples (modal proportions using Im.geJ are shown in the online
appendix). These populations are observed in the XRF trace :ler,.2nt map of Al, Ca and Fe (Fig. 3)
which shows abundant plagioclase phenocrysts (orange) in £ “ch andesite portion of the two samples
which are present in the enclave portions rimmed with, ‘\rest mably younger, material (yellow). The
vesicular section of the enclave in MT75 contains less ¢. this inaterial and more lath-shaped, higher

Ca microphenocrysts of plagioclase (as seen on Figu. « 3.

Accumulation of plagioclase has the pote ‘tia’ to affect whole rock (**°Pb/**°Ra), ratios because
partition coefficients for Pb are higher *+han thuse for Ra in plagioclase. Residence times of some
plagioclase phenocrysts in the andesi.e ~re in the century to millennia scale based on element
diffusion profiles (Zellmer et al., 2%uCh), and therefore will have equilibrium (**°Pb/**°Ra), ratios.
Potentially of more significance ~re ¢ /stals grown within a few decades of the eruption i.e. on the

timescale of *°Ra-**°

Pb decav. In ' ~ed, young plagioclase separates from Mt St Helens, Merapi and
Arenal volcanoes all have hig. (“*°Pb/***Ra), ratios (4.4, 1.97 and 1.8 respectively, Handley et al.,
2018; Reagan et al.,, 2u%; Reagan et al., 2006). Ultimately, however, Pb and Ra are both
incompatible in plagioclase at the anorthite compositions encountered in the samples presented
here (Bindeman, 2007; Bindeman et al., 1998; Tepley et al., 2010). Thus, any reasonable amount of

plagioclase accumulation would have little effect on the bulk rock (**°Pb/**°Ra), values and we

assume that the majority of Pb and Ra are hosted in glass.

5.3. Contribution of Pb from magmatic volatile phases and sulphide melts

210

. . 222
Pb-excesses in the enclaves is the transfer of

A more promising explanation for the Rn (e.g.
Condomines et al., 2010) or *°Pb itself into the enclave magmas during interaction with a MVP
before the enclaves were included in the andesite magma. Water contents for mafic magmas
feeding into the SHV system at approximately 10 km depth are at least 6 wt% decreasing to c. 2 wt%
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in the andesite due to MVP saturation and loss (Edmonds et al., 2014). CO, likely makes up about 50
mol% of the MVP, and S gases are a few mol% (based on the exsolved vapour of Edmonds et al.
2014). Chlorine concentrations decrease from c. 4 wt% to 2 wt% as water decreases from 6 to 0.5
wt% for melt inclusions in plagioclase and orthopyroxene in the andesite, showing that the MVPs
generated at depth are Cl-bearing (Edmonds et al., 2014). During decompression MVPs can separate
into a higher salinity brine and a lower salinity, but sulphur enriched, vapour phase (e.g. Heinrich et
al.,, 1999; Nadeau et al., 2016), both of which are more buoyant than the surrounding igneous
mushes and magma (Richards, 2011; Sparks et al., 2019). Direct measurement of vapour (hydrous
fluid) and brines trapped in melt inclusions has shown that metals (e.g. Cu, Pb, Zn) and some
incompatible elements (e.g. Ba) are more compatible in MVPs comy. " red to silicate melt (Heinrich et
al.,, 1999; Lowenstern et al., 1991; Zajacz et al., 2008). Here we ise .1e term MVP to include both

hydrous fluid and any higher salinity brine that may be present.

Whole rock S abundance (Fig. 5) in the samples is relative’, lov. (tens of ppm) compared with typical
arc melt inclusion values of several hundreds of ppm for >=salts and andesites (e.g. Nadeau et al.,
2013), which is consistent with S partitioning into w1° Ps coexisting with the melt (Edmonds et al.,,
2014). A broad, negative association between S od Cu (Table 1) indicates that Cu is not complexed
with S in the magma sourcing the enclavec and may be complexed instead with Cl. S-Cl decoupling
has been observed in gas emission stuc:=s at SHv (Christopher et al., 2010). Cu and Pb/Ba correlate
positively with (*°Pb/**°Ra), (Fig. 8A-B' (1.> = V.8 when MT75B with low **°Ra is not included), which
is suggestive of a recent enrichmen’. .. Cu and Pb by interaction with an MVP. The andesite samples
have low Cu and Pb/Ba contents altriough some local andesites are highly enriched in both Pb and
Cu (Plail et al., 2014b). As the ( °Pb/**Ra), ratios of 0.8-0.9 (*°Pb-deficits) in these samples are

f 2Rn from the andesitic reservoir (Section 5.1,

likely to be a result of cinti uous degassing o
McGee et al., 2019), it 15 arobable that the andesite did not interact with an MVP by the same

mechanisms as hypothesised for the enclave magma.

In addition to their affinity for MVPs, ore metal elements can also be affected by interaction with
immiscible sulphides and fractional crystallisation. Thorium is incompatible in most volcanic mineral
phases, sulphide melts and volatiles (e.g. Bacon and Druitt, 1988; Zajacz et al., 2008). It is therefore a
good indicator of magmatic evolution through fractional crystallisation. Amphibole and plagioclase
crystallisation vectors are plotted on Figures 8 C-F to illustrate 10, 20 and 30% crystallisation,
although, consistent with previous work (see Section 5.1-5.2), we note that the magmas are
substantially mixed and therefore simple fractional crystallisation may be unrealistic. The

compositional effect of sulphide crystallisation is shown in Figures 8 C-F as a schematic vector,
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deduced based on the Ky of Cu between sulphide and basaltic melt from Ripley et al. (2002) and
assuming that the relative Kps involved are Cu>Pb>Th>>Ba, Dy and Yb in sulphides. An indicative
vector denoting addition or expulsion (loss) of a metal-bearing MVP was calculated based on Kps for
both hydrous fluids and brines in granitic melts (from Zajacz et al. 2008), and for fluids in mafic melts
(from Guo and Audétat, 2017). An estimated fluid composition was calculated by multiplying the
partition coefficient by a potential melt composition, a primitive basalt from South SHV, MV0139 in
Zellmer et al. (2003a). Mixing lines were then constructed between the fluid and melt. Details of all
models and assumptions are given in the online appendix. Although not quantitative due to the lack
of measured Kps for all elements and unknown melt and fluid compositions, partitioning of Cu into
MVPs produces distinct trends in Figures 8 C-F. Copper behaves co. 'patibly in the enclave samples
(Cu decreases with increasing Th), while it behaves incompatibly i 1 th. andesite samples (Figs. 8C-F)
(Cu increases with increasing Th). The compositional separatio 1 01 “he enclave and andesite samples
is also observed in Pb/Ba vs. Cu (Fig. 8C), with the positi\ » trend of the enclaves lying at higher
Pb/Ba than the andesite samples. The positive trend can “e e» plained by extraction of an MVP which
is richer in Cu than Pb as magmas fractionate from bcsaltic andesite to andesite, then continued
differentiation of the andesite primarily by crysta' 1. «ctionation alone. Data from SHV samples from
Phase | (1997) and Phase V (2010) with avai.ab. 2 tr.ce elements plotted on Figure 8 are consistent

with the trends observed in samples MT35 anu MT75.

Thus, the differentiation between enc'av.. like magma and the host andesite appears to have been
affected by loss of an MVP in addi.uc w fractionation by crystallisation of minerals or sulphides.
Expulsion of the MVP may have ‘'rive. crystallisation through second boiling, that is, the saturation
and exsolution of volatiles dua to . e crystallisation of anhydrous minerals (cf. Edmonds and Woods,
2018), which is also consic cen. with the diktytaxitic texture observed (Section 4.1, Fig. 3). Although
trace element concentrawu.~ns and U-series isotopic ratios in serially sliced MT35 (Fig. 1A) have a
stepwise change from enclave to andesite (Figs. 5 and 7) the first sample of the andesite (MT35-D)
has consistently higher incompatible element contents (Ba, Pb and Th in Figure 5, and see Table 1).
This suggests that melt expelled from the enclave may have concentrated at the enclave-host
andesite interface. Enclaves with the highest Cu and (**°Pb/***Ra), may represent some retention of
an MVP-enriched melt. Although vectors for sulphide crystallisation follow similar trends to MVP
expulsion, we favour the explanation of Edmonds et al. (2014) of loss of an MVP derived from

evidence in melt inclusions of coupled Cl and water degassing.

Cu abundances of 30-80 ppm (Table 1, Fig. 5) are typical for arc-type andesites and basalts (see

Nadeau et al. (2013) for a global compilation of Cu, Pb and Zn abundances). Despite this, and the low
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whole rock S in the samples, volatile interaction has imparted signatures on the samples (Fig. 8)
which can be linked to transfer of MVPs at different levels of the magmatic system at SHV. Given the
very large SO, plume emitted throughout the 1995-2010 AD eruptions (continuing until the present
day) these generally low abundances indicate very efficient segregation of volatiles from depth. Plail
et al. (2014b) identified fracture zones within the andesite with elevated metal concentrations (Cu
up to 200 ppm), which provide evidence of metal transport in the recent eruptions at SHV. Recent
numerical models by Lamy-Chappuis et al. (2020) show that tubes may develop in crystalline mushes
at a critical volatile volume. This could be a highly efficient means of transporting metals to the
surface at SHV, given that estimates of exsolved vapor within a deeper magma are as much as 4.2 —
8.2 vol % at c. 30 km below the edifice (Edmonds et al.,, 201.":. Similar veins of high metal
concentrations were identified at Chaiten and Cordon Caulle (Ber o e. al., 2013; Paisley et al., 2019)
and interpreted as channels of gas transport. Despite the metz: tra1sport in these veins during these
eruptions, gas transport did not impart **°Pb-excess here ei. er, which is attributed to the sustained

high flux of gas required to impart **°Pb-excess (Paisley €* al. 2 219).

5.4.Two-step interaction between magmatic cor pr nents of the SHV system and metal-carrying

volatiles

In a study of SHV melt inclusions and phen. rysts Edmonds et al. (2014) proposed that volatiles
erupted with the andesite magma origina.~d from mafic magma recharge. It was hypothesised that
volatile transfer/transport occurred eilar.r by vesiculation and entrainment of bubbles at the ‘hybrid’
layer (the interface between mafic and <ndesitic reservoirs cf. Plail et al., 2018), or by inclusion and
subsequent disaggregation of enc.cves into the andesite. Our study shows that significant inmixing
of disaggregated enclaves (i.e. mcre than already hypothesised by Humphreys et al. (2009)) shortly
before eruption is un'kei given the presence of *'°Pb-deficits in the andesite instead of **°Pb-
excesses. Our results suppo 't that the MVPs originate from fractionation of deeper mafic magma to
generate the host andesite, and the application of U-series isotopes provides important constraints
on the degree of interaction between the magmatic reservoirs at SHV, their ability to transport

metals and the timescales involved.

We suggest a two-step interaction between deeper mafic magma (not seen), the interface between
mafic and andesitic magma which is the source of the enclaves, and the andesite. Figure 9 shows the
hypothesised isotopic and elemental characteristics of the potential magmatic components. A
deeper mafic magma intruding at approximately 10 km depth (Christopher et al., 2015) is likely
recently formed due to the presence of 2*2U-*°Th->**Ra-?'°Pb disequilibria in the mafic enclaves. The
enclaves are formed at an interface between the mafic magma and the accumulated mass of
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andesite. Melt and MVPs from the mafic magma are rapidly passed to the interface, and enclaves
formed transport *°Pb- and ?*°Ra-excesses plus relative enrichments of Cu and S which may be
transferred to pathways/veins within the andesite (c.f. Plail et al., 2018). The majority of MVP
transfer from the deeper mafic magma to the interface, however, bypasses the andesite reservoir
and is degassed from the magmatic system, suggesting that simple transfer of volatiles from
enclaves into andesite did not trigger the current eruption. The broad grouping of U-series
disequilibria with sample type (andesite vs. enclave) emphasises the ‘stepped’ interaction between

h *°Pb-excess represent parts of an interface that

magmatic reservoirs (Figs. 8-9). Enclaves wit
retains the signature of volatile fluxing. We suggest that the interior, vesicular portion of sample
MT75 (Fig. 1B) represents a part of the interface where volatile fl and expulsion is more chaotic
(Fig. 9). Although it is not possible to distinguish whether encl wves were formed through forced
injection, volatile-induced gravitational instability or syn-eruptiv > inclusion (Section 2), the time
between transfer of Rn and/or Pb from the mafic magma o the enclave magma and subsequent

*®Ra) excesses in the

enclave eruption must have been on the scale of decac ‘s to maintain (*°Pb/
enclaves (Fig. 7). This short timescale and lack of a vnlz.ile enriched signature in the andesite could
support a syn-eruptive origin of the SHV enclavzs s hypothesised by Plail et al. (2018) and may
require an external eruption trigger. Previot', mgmutic unrest episodes in 1897, 1933-38, 1966 and
1991 (Wadge and Isaacs, 1988) could also re,"resent some mass (including volatile) transfer. It is
possible that indicators of metal transport such as the negative correlation between Cu and Th in
Fig. 8D) may be more pronounced in er 1p.ive Phases | and Il where a more continuous addition of
mafic magma at depth has been by, ~thesised (Barclay et al., 2010; McGee et al., 2019). Variations in
concentrations involving Cu, Th 2nu Pb/Ba between enclaves and andesites (Fig. 8) indicate that an
MVP was lost during mas~a -.olution through crystal fractionation from basaltic andesite to
andesite. Although th:- sm.!l but progressive *°Pb deficits in the andesite (McGee et al., 2019)
indicate that degassing of t'ie andesite reservoir took place during the recent eruptive phase of SHV,
near equilibrium U-Th-Ra ratios in the andesite samples strongly indicate that the andesite was
assembled over timescales of tens to hundreds of thousands of years or more. This is consistent with

the general model of Blundy et al. (2015) where long-lived accumulation of arc magmatic intrusions

over tens to hundreds of thousands of years is destabilised on a much shorter timescale.
6. Conclusions

The detailed application of U-series isotopes across the andesite-enclave interface of samples from
the most recent eruption at Soufriere Hills Volcano, Montserrat has revealed important insights into

the role of volatiles in eruption triggering and metal transport. The enclave samples represent parts
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of the interface between a deeper mafic magma and the andesitic reservoir feeding eruptions.
Equilibrium U-Th-Ra ratios in the andesite suggest it accumulated magma over several hundreds of
thousands of years, while Ra-excesses of the enclaves suggest that the deeper, recharge magma is

d. 2°Pb-excesses in most of the enclave samples are interpreted as due

several thousands of years ol
to interaction with a magmatic volatile phase originating from deeper, mafic magma that is
transferred and mainly expulsed from the system (within decades, i.e. on the scale of the eruption
itself), although we note that some of this melt remains at the interface with the andesite on
individual enclave samples. Concurrent magma evolution at the interface between andesite and
mafic magma through crystal fractionation may occur due to the expulsion of the MVP. The andesite

20pp-deficit, is either a1/ -cted by MVP interaction on a

magma, which is in Pb-Ra equilibrium or
timescale undetectable by Pb-Ra systematics (<2 years, Reagan et al., . 918) or does not interact with
MVPs, leading us to question the role that recharge magma kas 1 the trigger of eruptions at SHV.
The application of short-lived isotopes at SHV has show that the timescales involved in the
transport of economically important elements may be :~late 1 to only certain levels of a magmatic
system. Additional studies on this topic may aid unde:stanaing of the efficiency of transport and

eventual concentration of arc-related ore bodies.
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Figure and table captions:

Figure 1: Photographs of the two samples analysed for this study. Both are from the 2010 eruption

of Soufriere Hills Volcano

Figure 2: Relative proportions and locations of plagioclase populations for each sample using cross

polarised light (XPL) images. Images were selected to show approximately equal amounts of enclave,
15



andesite and vesicular enclave in the case of MT75. Relatively ‘younger’ plagioclase phenocrysts and
microphenocrysts were identified from the above XPL images based on their lath-like shape and
general lack of sieve textures, and as rims on older crystals. ‘Older’ plagioclase crystals were
categorised based on their agglomerated shape, sieve textures and oscillatory zoning, and in the
enclave portion are assumed to be mainly inherited from the host andesite. Not all plagioclase are
imaged due to their small size (microlites are not taken into account) or those in extinction in the

image.

Figure 3: Polished thin section X-ray maps for Al, Ca and Fe abundance from the two samples in this
study. Plagioclase is the most abundant mineral and is mainly rich in Al and Ca (orange in colour with
red and green patchy areas) in each host andesite portion of the MT/5 ~nd MT35 samples, which are
present as well in the basalt andesite enclaves. Orthopyroxene mi ~erz.s (blue) are often mantled by
clinopyroxene rims (green) and amphibole is rich in Fe and Ca \hYlue and green). Boundaries between
enclaves and andesite are marked by dashed lines. Text':==s ond mineral contents in the andesite
and enclave portion of each sample are similar, while tr.. interior part of the enclave in MT75 is

more vesicular and contains less large, zoned (older ir.ierited) crystals. BA = basaltic andesite

Figure 4: Multielement plot for andesites an’. c1ci.*’e samples from MT35 and MT75 normalised to
the primitive mantle values of Sun and McDc -ough (1989). The most mafic basalt from the 100 ka
South Soufriere Hills volcano (‘South SHV rasalt’) is plotted for comparison (MVO-139 from Zellmer
et al. 2003a). Andesite samples are mc.€ enriched than enclaves in the most incompatible elements,

but similar in Pb, Sr and HREE exce,*t for one MT35 andesite sample.

Figure 5: Selected trace elemen. and whole rock volatile data (C-N-S) for sample MT35 (left panel)
and MT75 (right panel). D7..a n0oints for MT35 represent serially sliced samples (see Figure 1A) and
are clustered by regiun 'n 175 for trace elements to represent the sample locations (vesicular
enclave (A & B), normal _aclave (C & D) and andesite (E)) rather than a set of serial samples, as
shown in Figure 1B. The multiple aliquots measured for each sample are shown for C-N-S. Error bars

on selected elements reflect accuracy on the standards (see Section 3.2).

Figure 6: A: U-Th disequilibria, B: Th-Ra disequilibria and C: age-corrected Ra-Pb disequilibria of the
studied serial sections (data in colour) compared to enclave and andesite data from 1995 to 2010
(data in black and white) from McGee et al. 2019. The maximum 20 error bar is shown in A as it is
similar for all samples. Individual 20 error bars are shown for all new data in B and C. Grey lines
marked S.E in B and C = secular equilibrium. MT75 samples are denoted by an asterisk within the

symbols.
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Figure 7: U-series activity ratios for sample MT35 (left panel) and MT75 (right panel). Data point
layout is as for Figure 5. S.E = secular equilibrium. Error bars on all ratios are 20, except for
(***Ra/>°Th) in MT75 which is the 5% offset on the standard for these data (Section 3.3, online

appendix)

Figure 8: U-series and elemental plots of both samples MT35 and MT75. Note the similar trends in
(**°Pb/***Ra), vs. Cu (A) and Pb/Ba (B). Tick marks on fractional crystallisation vectors for plagioclase
and amphibole in C-F denote 10% crystallisation increments with the exception of amphibole in E
(‘amph*) where tick marks denote 5% increments. Partition coefficients used are from Luhr and
Carmichael (1980), Brenan et al. (1995), Liu et al. (2015), Bacon and Druitt (1988) and Ewart and
Griffin (1994). The sulphide fractionation vector in D-F is basc? on the assumption that
Cu>Pb>Th>>Ba, Dy and Yb in sulphides (KpCu = 480-1303, Riple * et al. (2002)), and is indicative
rather than calculated. Black solid and dashed lines labelled MV! indicate the potential effect of
addition or expulsion (loss) of a magmatic volatile phase 7= o 2 inferred from partition coefficients
between melts and vapours and brines from Zajacz et al. {2?38) and Guo and Audétat (2017). A 10%
error bar is shown on Cu to reflect accuracy on the st ndards, internal precision is <4% (see Section
3.2). ‘Other 1995-2010 SHV’ are from Phases | ar.' V, | “°Pb/**°Ra), in A and B are from McGee et al.
(2019) and trace element data from Zell ner et al (2003a) and Plail et al. (2014a). See online

appendix for full details of partition coe*icients, assumptions and models.

Figure 9: Schematic illustrating the meg nauc system interactions at SHV deduced from data in this
study, incorporating trace element raria.ions and timescale information from U-series isotopes. Not

to scale. See discussion.

Table 1: All trace elemen*, ‘'-series and volatile element data for the samples presented in this
study. All trace elemen. dawa and volatile element data are in ppm. Parentheses denote activity
ratios, (**°Pb/**°Ra), is corrected for age of eruption. All data, duplicates and standards are

presented in the online appendix.
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Sample MT35- | MT35- | MT35- | MT35- | MT35-E | MT35-F | MT75- | MT75- | MT75- | MT75- | MT75-E
name A B C D A B C D
Sample Enclav | Enclav | Enclav | Andesit | Andesit | Andesit | Ves. Ves. Enclav | Enclav | Andesit
type e e e e e e enclav | enclav | e e e
e e
Sc 31.4 30.9 31.4 22.0 16.4 18.7 38.1 37.4 26.8 27.2 13.9
Ti 4951 4848 5049 4555 3411 3884 5573 5466 4722 4623 3409
\" 243 242 244 173 134 151 274 268 221 218 112
Cr 16 13 17 10 11 12 17 17 15 15 12
Mn 1363 1321 1342 1560 1248 1428 1226 ‘| 1208 1327 1338 1308
Co 25 24 25 20 15 17 72 T 0 79 87 138
Ni 12 11 11 6 5 5 6 15 11 11 7
Cu 66 69 68 42 33 36 : 77 62 43 30 48
Zn 68 66 69 71 58 64 —lr 62 62 64 65 61
Ga 17.5 17.4 17.9 17.9 16.2 5.6 17.7 17.4 17.6 17.6 16.5
Rb 8.1 7.8 9.2 16.7 141 | 229 6.8 8.2 9.4 9.5 17.5
Sr 283 282 289 277 262 | 260 277 274 281 276 267
Y 22 21 22 30 21 23 21 22 21 22 23
Zr 57 55 59 84 '3 79 56 66 67 70 86
Nb 2.26 1.70 1.87 “27 | 255 2.79 1.45 1.59 1.90 2.04 3.15
Cs 0.29 0.28 0.30 ‘ 0.01 0.52 0.57 0.24 0.29 0.34 0.35 0.61
Ba 102 101 108 _'—207 184 189 77 96 121 130 223
La 6.3 6.0 6.0 11.2 9.6 9.9 4.8 5.4 7.0 7.1 11.2
Ce 141 14.1 - 15.1 25.5 20.6 223 12.2 133 16.2 16.7 24.2
Pr 2.0 2.0 21 35 2.7 2.9 1.8 1.9 2.2 2.3 31
Nd 9.3 9.1 9.6 15.3 111 12.3 8.5 8.9 9.8 10.0 12.8
Sm 2.6 2.5 2.7 3.9 2.7 31 2.5 2.6 25 2.6 3.0
Eu 0.89 0.88 0.92 1.17 0.91 0.98 0.89 0.89 0.90 0.90 1.00
Tb 0.50 0.49 0.52 0.72 0.47 0.54 0.51 0.52 0.49 0.50 0.53
Gd 3.02 2.95 3.11 4.30 2.90 3.28 3.05 3.10 291 3.05 3.23
Dy 3.20 3.15 3.35 4.46 2.98 3.38 3.30 3.36 3.06 3.23 331
Ho 0.71 0.69 0.73 1.00 0.66 0.76 0.73 0.73 0.68 0.71 0.73
Er 2.04 2.00 2.14 2.92 1.95 2.32 2.09 2.12 1.99 2.07 2.17
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Yb 2.00 1.94 | 207 2.94 2.04 2.29 1.97 2.02 1.98 [205 | 228
Lu 031 |o031 |032 |[o046 0.33 0.36 0.31 031 | o0.32 032 | o037
Hf 1.57 1.51 1.63 2.37 1.98 2.14 1.52 1.70 1.76 1.83 | 227
Ta 018 |o012 [012 |o022 0.21 0.20 020 |[020 [o024 |028 o049
Pb 2.32 226 | 244 | 290 2.52 2.68 1.68 1.95 228 |228 |341
*Th 122+ | 114+ | 124+ [ 242+ |234+ |244+ [084+ 103+ | 146+ | 151+ |2.75¢
001 |o001 |o001 |003 0.03 0.03 0.01 001 | 0.02 0.02 | 0.03
*U 038+ | 036+ | 039+ | 075+ | 073+ |0.76+ | 028+ | 034+ |047+ | 048+ | 0.87+
0.004 | 0.004 | 0.004 | 0008 | 0.008 |0.008 |0003 |0.004 |0.005 |0005 |0.01
*Rafgfg | 143+ | 141+ | 155+ | 258+ | 251+ | 257+ | 118+ | 192+ | 161+ | 185+ | 284+
3.2 3.1 3.4 5.7 5.5 5.7 2.6 43 3.6 4.1 6.3
(**u/?®u) | 1.002 | 1.004 | 1.004 | 1.003+ | 0998+ | 1.009+ | 1.00~. |, 0.999 | 0.997 | 1.003 | 1.002 +
+ + + 0.004 | 0.004 | 0.005 |t : + + 0.004
0.004 | 0.004 | 0.004 5.00- | 0.004 | 0.004 | 0.004
®u/77Th) | 0936 | 0.963 | 0.962 | 0.945+ | 0.953+ | 0.941+ ' 1.006 | 1.012 | 0.978 | 0.965 | 0.956+
+ + + 0015 | 0015 |o001, !+ + + + 0.015
0.015 | 0.015 | 0.015 | 0.016 | 0.016 |0.016 |0.015
|
®°th/® 7 [ 0903 | 0931 | 0930 | 0933+ | 0938+ | ~931+ | 0917 | 0.923 | 0.928 | 0.931 | 0.935+
h) + + + 0.006 |0006 |06 |+ + + + 0.006
0.005 | 0.006 | 0.006 ‘ 0.006 | 0.006 | 0.006 | 0.006
®°th/?®u) | 0964 | 0.967 | 0967 | 0987+ ' 0955+ | 0.989+ | 0.912 | 0.912 | 0.949 | 0.965 | 0.979+
+ + + 0016 | 0.'6 |0.016 | % + + + 0.016
0.017 | 0017 | 0.017 0.018 | 0.017 | 0.017 | 0.017
(*°Ra/?T | 1.153 [ 1.179 [ 119 | 105 -__!_1.016 + [ 1.007+ | 1.375 | 1.813 | 1.065 | 1.181 | 0.991+
h) + + + P23 (0023 |0023 |+ + + + 0.022
0.027 | 0.027 | 0.027 0.031 | 0.041 | 0.025 | 0.027
(®pb/™°R | 1374 | 1448 | 1303 ' 0829+ | 0.870+ - 1275 | 0.755 | 1.044 | 0872 | 1.049+
a)o + + + 0.097 0.124 + + + + 0.161
0.191 | 0182 |n1,: 0.225 | 0.143 | 0277 |o0.230
Srange | 3846 |44..> | 26-17 [29-30 [24-30 [30-36 |3245 |4472 |39-61 |45-66 | 4253
Crange | 262- | 176- | 202- | 190- 103- 293- 467- | 409- | 1122- | 485- | 422-
265 224 230 225 122 325 518 429 1566 | 571 556
Nrange | 222 190- | 263 287 241- 279 102- | 82- 175- | 156- | 168-
191 242 118 167 316 209 380

*|sotope dilution analysis
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