
1. Introduction
Silicic (≥65 wt% SiO2) magma petrogenesis in Iceland is enigmatic and the subject of ongoing study. Pro-
posed mechanisms of magma production invoke partial melting of the hydrothermally altered, dominant-
ly (>∼90%) basaltic crust (e.g., Bindeman et  al.,  2012; Gunnarsson et  al.,  1998; Jonasson,  1994; Marsh 
et al., 1991; Óskarsson et al., 1982; Sigmarsson et al., 1991), fractional crystallization (FC) of primary basal-
tic magma (e.g., Carmichael, 1964; Furman et al., 1992; Macdonald et al., 1987; McGarvie, 2009; Nicholson 
et al., 1991; Prestvik et al., 2001), and both processes, either independently or acting in tandem (e.g., Martin 
& Sigmarsson, 2010; Sigmarsson et al., 1992a, 1992b). Tectonic location (on-rift vs. off-rift) is often cited as a 
major factor in determining which of these processes dominates silicic petrogenesis at different systems in 
Iceland (Figure 1); partial melting of hydrothermally altered crust is often invoked as the dominant process 
in hotter, on-rift systems, while fractional crystallization is proposed to dominate in cooler, off-rift systems 
(e.g., Jónasson, 2007; Jónasson et al., 1992; Martin & Sigmarsson, 2007; Schattel et al., 2014). Recent whole 
rock and zircon isotopic studies suggest that other factors, such as age of the rift, age and composition of the 
underlying bedrock, and thermal priming of the crust all play crucial roles in ultimately producing silicic 
magmas (e.g., Banik et al., 2018; Carley et al., 2020). Uncertainty regarding the degree to which anatectic 
melts, melts derived from primary basalt fractionation, or melts from assimilation and fractional crystalliza-
tion (AFC) processes contribute to silicic magmas persists in part due to the complicated assembly and geo-
chemistry of the Icelandic crust (e.g., Darbyshire et al., 2000; Hardarson & Fitton, 1997; Martin et al., 2011) 
and the chemically heterogeneous nature of the underlying mantle (e.g., Hanan & Schilling, 1997; Kitagawa 
et al., 2008; Kokfelt et al., 2006; Peate et al., 2010; Prestvik et al., 2001; Thirlwall et al., 2004). Investigation of 
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silicic petrogenesis commonly emphasizes Neovolcanic (<0.78 Ma) systems because they are numerous and 
have less-eroded outcrops relative to older systems; on-rift systems are better-understood than off-rift sys-
tems because they are associated with better-constrained underlying crustal structures, minimizing some 
of the uncertainty described above.

Of particular interest is the production of silicic magmas in off-rift, or flank, zones, since these areas are 
poorly understood relative to the settings on-rift Neovolcanic central volcanoes (Figure 1). Off-rift volcan-
ism in Iceland comprises the Snæfellsnes volcanic belt (SVB) in the west and the Öræfi volcanic belt (ÖVB) 
in the southeast (Figure 1a). Snæfell, the focus of this study, defines the northern end of the ÖVB. In the 
SVB, magmatism is hypothesized to result from a thermal pulse from the Iceland mantle plume acting on 
the thin crust along the previously active rift axis (e.g., Walters et al., 2013). ÖVB magmatism is less clear. 
The ÖVB may represent an incipient rift that parallels and will eventually take over from the currently ac-
tive Northern and Eastern rifts (e.g., Walker, 1975; Figure 1b). It is hypothesized that remnant continental 
crust segments from earlier North Atlantic rifting may be trapped under eastern Iceland (Foulger, 2006; 
Martin et al., 2011; Torsvik et al., 2015), contributing to magmas with distinct geochemical characteristics 
(e.g., Hards et al., 2000; Peate et al., 2010; Prestvik et al., 2001).

One of the issues that is not widely well-quantified in Icelandic systems—and is perhaps volcano-specif-
ic—is the residence time associated with silicic magmas and the processes responsible for their eruption. 
Understanding residence time is important because longevity and destabilization are fundamentally linked 
to petrogenesis writ large (e.g., Folkes et al., 2011; Gardner et al., 2002; Halliday et al., 1989; Reid et al., 2011; 
Schmitt et al., 2003; Zellmer et al., 2005). Whole rock geochemical analyses from active and extinct volcanic 
systems across Iceland are abundant and discussion of certain aspects of magma evolution, such as phase 
equilibria and liquid lines of descent, are much-utilized tools in investigation of petrogenesis (e.g., Kitagawa 
et al., 2008; Manning & Thirlwall, 2014; Martin et al., 2011; Mattsson & Oskarsson, 2005; Peate et al., 2010; 
Sigmarsson et al., 1992b; Óskarsson et al., 1982). More recently, U-series isotopic data have provided con-
straints on magma differentiation and residence that suggest timescales on the order of 10s of kyr or less 
for both on-rift and off-rift systems. Sigmarsson (1996) reports FC of alkali basalt to hawaiite and mugearite 
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Figure 1. (a) Iceland bedrock ages. Numbers 1 (Snæfellsnes) and 2 (Öræfi) are off-rift volcanic belts. Modified from 
Harðarson et al., 2008. (b) Relief map of southeastern Iceland and the Öræfi volcanic belt. Dashed line separates 
Neovolcanic (<0.78 Ma) and older bedrock. Low relief coastal areas immediately surrounding Öræfajökull and the 
southern and eastern margins of Vatnajökull are composed of Holocene sandur deposits. (c) General geologic map of 
the Snæfell volcanic system and surroundings overlain on regional DEM; gray background is mafic/int. extrusive rocks 
and sediments of Lower Pleistocene age (0.8–2.6 Ma). Sample locations starred. Geology based on a system maps from 
Hards (1995) and the 1:600,000 Iceland map of Hjartarson and Saemundsson (2014). DEMs from Landmælingar Íslands 
(lmi.is).
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requires only a 10-year residence in the Vestmannaeyjar. Krafla basalts are hypothesized to spend <9 ka in 
the crust prior to eruption (Cooper et al., 2016). AFC models for Hekla (on-rift) suggest that FC of basalt to 
produce basaltic andesite occurs on a timescale of ∼20 kyr, while assimilation of crustal material and FC 
of basaltic andesite produces andesite in only ∼2 kyr (Chekol et al., 2011). Studies that incorporate silicic 
magmas suggest understandably longer timescales: rhyolites at Torfajökull (on-rift) appear to have been 
generated via anatexis in <∼10 kyr (Zellmer et al., 2008). At off-rift Snæfellsjökull, U-series data suggest 
derivation of hawaiite from olivine basalt within ∼12 kyr and trachyte within ∼54 kyr from closed system 
FC processes (Kokfelt et al., 2009). These types of analyses provide critical constraints on near-continuously 
active magmatic processes; however, prior zircon-based studies suggest that silicic magmas in Iceland likely 
spend significant portions of their lifetimes in near-solidus to sub-solidus conditions prior to being reju-
venated or erupted (Banik et al., 2018; Carley et al., 2011, 2014, 2017, 2020; Padilla et al., 2016; cf. Martin 
et al., 2011).

Zircon is an important mineralogical tool in studies of intermediate and silicic magma residence time, lon-
gevity, source region(s), and intra-magma body processes (e.g., Bachmann et al., 2007; Charlier et al., 2005; 
Folkes et al., 2011; Reid et al., 1997, 2011; Stelten & Cooper, 2012). In many instances, zircon is also the 
most reliable repository of elemental and isotopic conditions in the host magma due to its chemical and 
physical durability and slow volume diffusion rates when crystalline (i.e., not metamict) (e.g., Cherniak & 
Watson, 2003; Finch & Hanchar, 2003).

The only published petrogenetic study focused on the Snæfell volcanic system (Figure 1c) uses whole-rock 
analyses to propose a petrogenetic model in which magmas are largely juvenile; rhyolites evolve via frac-
tional crystallization of basaltic mantle melts at ∼10–15 km depth with minor contamination by pre-exist-
ing crust (Hards et al., 2000). Those authors hint at the presence of long-lived, stratified magma bodies in 
a zone of immature rifting as the source for Snæfell magmas. However, structural evidence is lacking for a 
close relationship between volcanism and rifting at Snæfell—the only connection is the linear relationship 
along the ÖVB volcanic centers (cf. Thordarson & Höskuldsson, 2014; Figure 1b).

In the present study, we combine U–Pb ages from zircon interiors and unpolished surfaces to assess zircon 
growth timescales with trace elemental compositions to assess temporal changes in magmatic conditions 
at Snæfell. This temporal perspective may reflect changes in magma storage and evolution at depth. High 
spatial resolution isotope compositions in zircon (Hf and O) further contextualize their source magmas and 
provide insights for which model(s) best explain Snæfell silicic magma petrogenesis. These multiple lines 
of evidence provide a more detailed view into silicic magma genesis at Snæfell (with potential implications 
for other off-rift systems) and demonstrate the utility of zircon geochronology, trace elements, and Hf and O 
isotope compositions for assessing magmatic source materials and residence times and conditions.

2. Geologic Setting and Background
Snæfell central volcano occupies the northern end of the off-rift Öræfi Volcanic Belt (ÖVB) in eastern Ice-
land (Figure 1). It is the tallest subaerial volcano in Iceland at 1,833 m (Saemundsson, 1979), although 
the vast majority of its eruptive products were emplaced under ice cover (e.g., Helgason et al., 2005). In 
addition to the main edifice, the Snæfell system comprises a series of fissures and smaller subglacial erup-
tive features, all of which are oriented roughly parallel to the currently active Northern rift zone trending 
approximately 027°(Figure 1).

As is common in Icelandic central volcanoes, Snæfell magmatism is bimodal, with dominant basalt, sub-
ordinate rhyolite, and minimal intermediate composition magmas. Rhyolites occur as effusive domes and 
plugs and have experienced a shallow level of erosion (Hards et al., 2000). Snæfell magmas are part of the 
transitional alkalic series, which is common among the vast majority of off-rift volcanic centers in Iceland 
(e.g., Jakobsson et al., 2008). Transitional alkalic magma compositions such as these tend to have higher 
TiO2 and FeO for a given MgO content and more restricted MgO overall. Nepheline-normative basalts are 
part of the transitional alkalic series at Snæfell; rhyolites are peralkaline. Both rock types are commonly 
phenocryst-poor, but occasionally display glomerocrysts of olivine, plagioclase, and augite; rhyolites have 
accessory apatite and zircon (Hards et al., 2000). The reader is referred to Hards et al. (2000) and Höskulds-
son and Imsland (1998) for excellent summaries of the volcano geology and eruptive products of Snæfell.
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Snæfell unconformably overlies basaltic bedrock of Plio-Pleistocene age, although some authors posit that 
the bedrock may have formed around 10 Ma (Ivarsson, 1992; Martin et al., 2011). Helgason et al. (2005) 
report 40Ar–39Ar ages of 256 ± 28 ka (2σ) for a basaltic unit at Snæfell's summit and 466 ± 40 ka for a basal 
trachyandesite. These authors also determined an age of 1.35 ± 28 Ma (2σ) for a basalt that lies stratigraph-
ically under Snæfell (Helgason et al., 2005). Additional basalt flows at the base of Snæfell have K–Ar ages 
of 255 ± 8, 274 ± 8, and 324 ± 12 (2σ) ka (Guillou et al., 2010). Guillou et al. (2010) also report a rhyolite 
near the summit of Snæfell with a K–Ar age of 253 ± 6 (2σ) ka that has been subsequently refined via 
40Ar–39Ar dating to 207 ± 10 (2σ) ka (Guillou et al., 2019). These ages suggest that the main stage of edifice 
building lasted from ∼466 to 200 ka. Additional units considered part of the Snæfell volcanic system but 
not part of the main edifice have been dated at 400 ± 47 ka (basalt) and 310 ± 50 ka (rhyolite) (Höskulds-
son et al., 1996). Notably absent for Snæfell are zircon crystallization ages that can provide information on 
timescales of magmatic processes or longevity of silicic magmas prior to eruption or edifice construction.

3. Methods
Whole rock samples (n = 3) were collected from Snæfell rhyolite units in consultation with the geologic 
map of Hards (1995) (Table 1). Fresh slices of rock, with weathered or otherwise visibly altered materials 
removed, were prepared and reserved for whole rock geochemical analysis. Zircon was separated from the 
remaining sample material via standard crushing, sieving, and conventional magnetic and density separa-
tion methods, followed by hand-picking with a binocular microscope. Zircon in Snæfell samples is relatively 
abundant for Icelandic rhyolites (∼100–200 grains/kg). A subset of euhedral grains was pressed into an 
indium mount and imaged via reflected light microscopy prior to surface analysis. Remaining zircon grains 
were cast in epoxy and polished to expose the grain interiors. Prior to analysis, polished grains were imaged 
using CL and BSE with a Tescan VEGA3 scanning electron microscope at Vanderbilt University and a JEOL 
JSM-IT-300LV scanning electron microscope equipped with a Gatan ChromaCL2 in the Dewel Microscopy 
Facility at Appalachian State University (Figure 2 and Figure S1).

Zircon grains from all three samples (IESn1, IESn2, and IESn3) were analyzed for trace elements and U-Pb 
geochronology. After a light polish, O isotope compositions were measured, followed by Hf isotopes. Care 
was taken to avoid analyzing O isotopes within ∼5 µm of any previous analytical spot. Zircon U–Pb ages and 
trace element compositions were obtained using the sensitive high-resolution ion microprobe with reverse 
geometry (SHRIMP-RG) jointly operated by the U.S. Geological Survey and Stanford University. We selected 
grain interiors based on the common textural observation of potentially ante- or xenocrystic cores that are 
visible in CL for a subset of grains in each sample (Figure 2). Operating procedure included an O2

‒ primary 
ion beam focused to a ∼14 × 18 µm diameter spot for trace element analyses and a ∼30 × 40 µm diameter 
spot for U–Pb isotopes (Tables  S1 and S2). Zircon U-Pb analyses were calibrated using zircon standard 
Temora-2 (206Pb/238U age = 416.8 Ma; Black et al., 2004) and trace element concentrations standardized 
relative to MAD-559 (Coble et al., 2018). Data were reduced using Squid 2.51 (Ludwig, 2009) and Isoplot 
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Bulk rock δ18O

Sample Latitudea Longitudea Elevation (m) Description Notes δ18O (‰)b n

IESn1 N64°46.860′ W15°37.692′ 946 Phenocryst-poor with minor to 
no flow bands; weathered 
into plates

Same units as samples VH 35 and VH 38 
from Hards (1995); samples taken ∼4 m 
apart from different outcrops

5.08 ± 0.14 3

IESn2 N64°46.860′ W15°37.692′ 946 Strong flow bands with 
alternating vitrophyric and 
pumiceous layers

5.45 ± 0.78 3

IESn3 N64°41.529′ W15°35.566′ 905 Aphanitic, structurally 
homogeneous

Same unit as sample VH 136 from Hards 
et al. (2000)

5.43 ± 0.42 5

aDatum is WGS84. bUncertainties are 2SD.

Table 1 
Sample Locations, Descriptions, and Bulk Rock Oxygen Isotope Analyses
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3.76 software (Ludwig, 2012). Measured 206Pb/238U was corrected for common Pb (Pbc) using measured 207Pb 
based on a model Pb composition from Stacey and Kramers (1975) and corrected for 230Th disequilibrium 
using the method of Schärer (1984) and an initial assumed (230Th/238U)melt value based on whole rock Th/U 
values (Th/U = 4.7 for IESn1 and IESn2; Th/U = 3.7 for IESn3 based on values from the same units sampled 
by Hards (1995). The magnitude of the correction was typically 85–90 kyr.

We performed a total of 31 O isotope analyses on zircon crystals from all three samples (IESn1, IESn2, and 
IESn3) at the University of Wisconsin-Madison using a CAMECA ims-1280 secondary ion mass spectrom-
eter (SIMS) following the method of Kita et al.,  (2009). Operating conditions include a Cs+ primary ion 
beam with an analytical spot size of ∼10 µm. Measured ratios were corrected for mass discrimination using 
primary zircon standard KIM-5 (δ18O = 5.09 ± 0.12‰ (2SD); Valley et al., 1998). Internal 2σ reproducibility 
for KIM-5 analyses ranged from 0.15 to 0.24‰ (see Table S4). For comparison to zircon, whole rock O iso-
tope compositions were measured via laser fluorination at the Stable Isotope Laboratory at Northern Illinois 
University according to the method of Sharp (1990). Fresh samples were crushed, sonicated in deionized 
water to remove residual powder, and sieved at > 250 µm size fraction. Typically, 1–2 mg of representative 
whole rock samples were then melted under vacuum with a PhotonMachines Fusions 10.6 CO2 laser in the 
presence of 10 kPa of BrF5. O2 gas generated by this reaction was isolated cryogenically by adsorption on 
a zeolite trap and transferred to a Thermo Finnigan MAT 253 isotope ratio mass spectrometer. Calculated 
O2 yields were better than 95% for all samples. International and internal standards NBS-28 (9.6 ± 0.07%, 
2SD), UWG-2 (5.8 ± 0.10%, 2SD), NIU Qtz (18.2 ± 0.10%, 2SD), and EP43-75 (18.4 ± 0.20%, 2SD) were 
analyzed with each sample run. All O isotope data are reported as δ18O calculated relative to VSMOW of 
Baertschi (1976).

Zircon Lu-Hf isotope composition was measured on a subset of the same grains using laser ablation mul-
ti-collector inductively coupled plasma mass spectrometry (LA-MC-ICPMS) at Memorial University of 
Newfoundland. Grains subjected to previous analysis were prioritized for Hf isotope analysis, followed 
by grains that were large enough to accommodate the analytical spot. 60 grains in total were analyzed 
for Lu–Hf isotope compositions using a ThermoFinnigan Neptune MC-ICP-MS coupled to a Geolas Pro 
193 nm Ar-F excimer laser with an analytical spot diameter of ∼40 μm, a 10 Hz repetition rate, and fluence 
of ∼5 J/cm3. We follow the instrument configuration, operating parameters, and data reduction methods 
outlined by Fisher et al. (2014), with the exception that U-Pb ages were not simultaneously determined. 
Secondary zircon standards used in this study covered the range of (Lu  +  Yb)/Hf of the samples stud-
ied. Primary zircon standards, determined by solution MC-ICP-MS (2SD uncertainty listed), were Plešov-
ice (176Hf/177Hf = 0.282482 ± 13; Sláma et al., 2008), B142, and B144 (176Hf/177Hf = 0.282140 ± 5; Fisher 
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Figure 2. Cathodoluminescence (CL) images of representative Snæfell zircon grains. Grains A–B = sample IESn1; C–I = sample IESn2; J–L = sample IESn3. 
Grains C, D, and K display penetration twinning seen in all sampled locations. Grain I has a distinct, oscillatory-zoned euhedral core and an unzoned mantle, 
while grain C shows faint oscillatory zoning. Faint sector zoning in visible in grains B, H, and J; L has distinct sector zoning. A CL-bright core with a dark 
mantle is clearly visible in Grain K. Most grains have a faint overgrowth rim. Maximum CL intensity is the same in grains A–I; J–L are color CL.



Geochemistry, Geophysics, Geosystems

et  al.,  2011). FC1 (176Hf/177Hf  =  0.282182  ±  14; Vervoort,  2010); and R33 (176Hf/177Hf  =  0.282767  ±  18; 
Vervoort, 2010) were analyzed as secondary standards. All standards were interspersed with unknowns to 
assess accuracy and external reproducibility. Laser ablation MC-ICPMS analyses of standard zircon grains 
yielded mean values for 176Hf/177Hf as follows: Plešovice 176Hf/177Hf = 0.282481 ± 7 (2SD; n = 12); FC1 
176Hf/177Hf = 0.282177 ± 9 (2SD; n = 14); and R33 176Hf/177Hf = 0.282762 ± 5 (2SD; n = 8). Analyses of 
these secondary zircon standards agree well with published solution-MC-ICPMS determination of the iso-
tope composition of purified Hf from these zircon samples. Present day εHf values were calculated using the 
CHUR parameters reported by Bouvier et al. (2008). Use of present day εHf is standard for reporting such 
measurements in Icelandic materials due to their young (<15 Ma) ages (e.g., Kitagawa et al., 2008). Laser 
Lu-Hf isotopic data are reported with 2σ uncertainty in Table 2 and Table S3.

Outliers >2 standard deviations from the mean were not incorporated into the reported weighted means for 
sample age, δ18O, or εHf values (Table 2, Figure 3).

4. Results
4.1. Characterization of Zoning and Crystal Morphology

Separated Snæfell grains have maximum dimensions up to ∼200 μm in length, with most grains ∼100 μm 
maximum length—a size range fairly typical for Icelandic volcanic zircon (e.g., Banik et al., 2018; Carley 
et al., 2011; Padilla et al., 2016). Snæfell zircon crystals are invariably euhedral and typically have a ∼2:1 
aspect ratio. Grain habits are dominated by {101} and {100} forms. Internal morphology is broadly consist-
ent across samples, with several common variations (Figures 2 and S1). Most crystals display minimal CL 
intensity variation within and between samples, although CL-bright, c-axis-parallel features commonly oc-
cur in all samples. Igneous (e.g., oscillatory, sector) zoning is common. Many zircons display clear internal 
boundaries that truncate existing zoning patterns. Roughly 10% of imaged grains in IESn1 and IESn3 and 
∼20% of grains in IESn2 display a texture akin to twinning.

4.2. Zircon Geochronology

Weighted mean sample ages for zircon cores are 443 ± 36 ka (IESn1; n = 3; 2SE), 545 ± 59 ka (IESn2; n = 7; 
2SE), and 360 ± 110 ka (IESn3; n = 3; 2SE) (Table 2; Figure 3). Weighted mean sample ages for mantles of 
grains and non-CL-discernable interiors are 353 ± 13 ka (IESn1; n = 13; 2SE), 356 ± 12 ka (IESn2; n = 20; 
2SE), and 266 ± 16 ka (IESn3; n = 15; 2SE). One grain from sample IESn1 is significantly older with an age 
of 1,075 ± 584 ka (2SE). Surface age analyses from sample IESn2 (n = 2) are 441 ± 131 ka and 344 ± 39 ka, 
and 640 ± 209 ka, 340 ± 134 ka, and 297 ± 144 ka from sample IESn3 (n = 3). The range of values for mean 
squared weighted deviations (MSWD; weighted by 1/σ2) for calculated weighted mean ages is 0.028–1.8. We 
interpret MSWD values that are higher than would be expected for a homogeneous population with a given 
n value (e.g., Mahon, 1996) to result from inheritance and represent an older zircon crystallization history 
recorded in Snæfell magmas.

4.3. Zircon Trace Element Concentrations

Approximately 100 trace element analyses were conducted on zircon interiors (n = 76) and surfaces (n = 21). 
Titanium concentrations range from ∼0–15 ppm (Figure 4; Table S2), and Ti concentrations in zircon sur-
faces of samples IESn2 and IESn3 are ∼5 ppm higher (sample means) than in grain interiors. Hafnium 
ranges from ∼7,000–12,000 ppm, but only sample IESn1 zircon has >10,500 ppm Hf. Zircon from sample 
IESn3 occupies a more restricted range of Hf (7,000–8,000 ppm, with two outliers at ∼9,000 and 9,500 ppm) 
than the other two samples. Uranium and Th for sample IESn1 and IESn2 zircons are (∼80–700 ppm and 
∼30–600 ppm, respectively) and Th/U ranges from 0.28 to 1.06, with most grains having Th/U between 
0.25 and 0.75 (median = 0.51; mean = 0.53). Uranium and Th concentrations in zircon from sample IESn3 
range from ∼100 to 700 ppm and ∼40 to 750 ppm, respectively, with Th/U ranging from 0.44 to 1.07. Unlike 
sample IESn2 zircons, which have the same Th/U values in both zircon interiors and surfaces, IESn3 zircon 
interiors have higher mean (Th/U = 0.71) and median (Th/U = 0.66) Th/U values than zircon rims from the 
same sample (mean = 0.56; median = 0.57). Niobium concentrations range from ∼10–250 ppm (Figure 4). 
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Analysis Type Age (Ma) Age uncert. (1σ) δ18O (‰) δ18O uncert. (2 SD) εHf εHf uncert. (2SE)

IESn1

IESn1-1.1 Interior 0.39 0.10 – – 14.1 1.2

IESn1-2.1 Interior 0.44 0.02 – – 13.3 0.8

IESn1-3.1 Interior 0.37 0.02 – – 14.8 1.6

IESn1-4.1 Interior 0.34 0.03 3.93 0.20 14.5 0.8

IESn1-5.1 Interior 0.37 0.02 – – 15.0 0.7

IESn1-5.1b Interior – – – – 15.1 1.1

IESn1-6.1 Interior 0.33 0.04 3.95 0.20 14.7 0.9

IESn1-7.1 Interior 0.37 0.01 13.4 2.2

IESn1-8.1 Interior – – – – 14.6 1.7

IESn1-9.1 Interior 0.38 0.03 – – 15.0 1.3

IESn1-10.1 Interior 0.21 0.03 3.56 0.20 14.4 0.8

IESn1-11.1 Interior 1.08 0.29 – – 14.0 0.7

IESn1-12.1 Interior – – – – 15.2 1.5

IESn1_17.1.1 Interior – – – – 14.4 0.7

IESn1_17.1.2 Interior – – – – 13.3 0.6

IESn1_17.1.3 Interior – – – – 13.5 0.5

IESn1_17.2.1 Interior – – – – 14.7 1.1

IESn1_18-1.1 Interior 0.36 0.05 3.68 0.24 – –

IESn1_18-2.1 Interior 0.46 0.06 3.89 0.24 – –

IESn1_18-3.1 Interior – – 3.79 0.24 – –

IESn1_18-4.1 Interior – – 4.12 0.24 – –

IESn1_18-5.1 Interior – – 3.94 0.24 – –

IESn1_18-6.1 Interior 0.42 0.15 3.79 0.24 – –

IESn1_18-7.1 Interior 0.39 0.03 3.89 0.24 – –

IESn1_18-8.1 Interior 0.33 0.05 3.90 0.24 – –

IESn1_18-9.1 Interior 0.35 0.04 – – – –

IESn1_18-10.1 Interior 0.32 0.01 – – – –

IESn2

IESn2-1.1 Interior 0.60 0.09 3.44 0.20 14.5 0.7

IESn2-2.1 Interior 0.34 0.03 3.80 0.20 14.4 0.8

IESn2-3.1 Interior 0.37 0.04 3.44 0.20 13.3 0.8

IESn2-4.1 Interior 0.62 0.09 3.08 0.20 14.3 0.7

IESn2-5.1 Interior 0.35 0.01 – – 14.7 1.0

IESn2-6.1 Interior 0.33 0.04 3.70 0.20 14.0 0.6

IESn2-7.1 Interior – – 3.55 0.20 – –

IESn2-8.1 Interior 0.34 0.02 3.36 0.15 13.7 0.7

IESn2-9.1 Interior 0.37 0.06 – – 14.0 0.7

IESn2-9.2 Interior 0.92 0.35 3.63 0.15 – –

IESn2-10.1 Interior 0.34 0.04 3.67 0.15 – –

IESn2-10.2 Interior – – – – 14.4 0.8

IESn2-11.1 Interior 0.32 0.10 3.58 0.15 13.6 0.8

IESn2-12.1 Interior 0.36 0.02 – – 13.6 0.8

Table 2 
Summary of Zircon Isotope analyses
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Table 2 
Continued

Analysis Type Age (Ma) Age uncert. (1σ) δ18O (‰) δ18O uncert. (2 SD) εHf εHf uncert. (2SE)

IESn2-13.1 Interior 0.37 0.06 – – 13.6 1.1

IESn2-14.1 Interior 0.37 0.03 – – 14.0 0.8

IESn2-15.1 Interior 0.51 0.05 – – 13.9 1.2

IESn2-16.1 Interior 0.54 0.06 – – – –

IESn2-17.1 Interior 0.34 0.03 – – – –

IESn2-18.1 Interior 0.44 0.13 – – 14.3 1.0

IESn2-21.1 Interior 0.41 0.03 – – 15.4 1.2

IESn2-22.1 Interior 0.38 0.02 – – 14.0 0.8

IESn2-23.1 Interior 0.35 0.05 – – 14.1 0.8

IESn2-25.1 Interior 0.36 0.04 – – 14.4 0.8

IESn2-27.1 Interior 0.36 0.02 – – 15.0 1.6

IESn2-28.1 Interior 0.36 0.01 – – 13.6 1.3

IESn2-29.1 Interior 0.52 0.10 – – 14.9 0.8

IESn2_16.1.1 Interior – – – – 15.4 1.4

IESn2_16.1.2 Interior – – – – 15.4 0.8

IESn2_16.2.1 Interior – – – – 15.5 1.0

IESn2_16.2.2 Interior – – – – 14.0 0.6

IESn2_16.3.1 Interior – – – – 15.3 1.0

IESn2_17-1.1 Surface 0.44 0.19 – – – –

IESn2_17-5.1 Surface 0.27 0.06 – – – –

IESn3

IESn3-1.1 Interior 0.25 0.02 3.75 0.15 14.8 1.1

IESn3-2.1 Interior 0.17 0.03 3.86 0.15 15.9 1.0

IESn3-3.1 Interior 0.29 0.02 3.98 0.15 16.2 1.5

IESn3-4.1 Interior 0.28 0.02 4.36 0.15 14.9 1.0

IESn3-5.1 Interior 0.29 0.02 – – 14.8 0.9

IESn3-6.1 Interior 0.27 0.03 3.55 0.15 13.8 0.7

IESn3-7.1 Interior 0.47 0.07 – – – –

IESn3-8.1 Interior 0.29 0.03 3.91 0.15 14.5 0.8

IESn3-9.1 Interior 0.25 0.03 – – 16.3 1.6

IESn3-10.1 Interior 0.25 0.02 3.70 0.15 14.1 0.7

IESn3-11.1 Interior 0.27 0.03 – – 17.8 1.8

IESn3-12.1 Interior 0.29 0.05 3.61 0.15 14.5 1.0

IESn3-13.1 Interior 0.48 0.15 – – – –

IESn3-14.1 Interior 0.28 0.01 3.63 0.15 15.5 1.3

IESn3-16.1 Interior 0.35 0.02 3.70 0.15 14.6 0.9

IESn3-17.1 Interior 0.20 0.02 – – 14.6 1.2

IESn3_17-1.1 Surface 0.30 0.14 – – – –

IESn3_17-4.1 Surface 0.34 0.13 – – – –

IESn3_17-12.1 Surface 0.64 0.21 – – – –

Ages are 207Pbc- and 230Th-corrected. Values in italic are not included in the sample averages.
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Snæfell zircon has Sc concentrations that range from ∼1 to 40 ppm, with a distinct sub-population of grains 
from samples IESn1 and IESn2 having Sc > 10 ppm and Sc/Yb > 0.02 ppm. Zircon from sample IESn3 
has consistently low Sc (∼1–5 ppm) and Sc/Yb (∼0.0005–0.005). Snæfell zircon is enriched in heavy rare 
earth elements (HREE) relative to light rare earth elements (LREE) and displays positive Ce and negative 
Eu anomalies characteristic of magmatic zircon (Figure 5) when normalized to chondrite (McDonough & 
Sun, 1995). Zircon from sample IESn3 is more enriched in overall REE than zircon from the other samples; 
however, all Snæfell zircon analyses have the same general REE trend characteristic of Icelandic zircon 
from silicic magmas (Banik et al., 2018; Carley et al., 2014). There is no observable distinction in trace ele-
ment trends between older grain cores and younger grain mantles.

4.4. Zircon Oxygen Isotope Values

Oxygen isotope ratios (δ18OVSMOW) for Snæfell zircon (n = 31) range from ∼3.08% to ∼4.36% (Figure 3; Ta-
ble 2). Zircon grains from IESn1 have δ18O ranging from 3.56 ± 0.20% to 4.12 ± 0.24% (uncertainties are 
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Figure 3. Zircon analyses from Snæfell samples. Each vertical bar is a single analysis shown as ±2SE; open vertical 
bars are analyses not included in the weighted mean; horizontal boxes denote weighted sample means±2SE; thick 
black horizontal lines denote weighted sample means. Weighted sample means±2SE listed for each sample. (a) U-Pb 
ages. Ages are corrected for 207Pbc and 230Th disequilibrium. Surface analyses are demarcated by the hatched pattern. (b) 
Oxygen isotope values. Gray field is average mantle zircon value from Valley et al. (1998). Corresponding whole rock 
δ18O is white bar with 2σ uncertainty in black field. (c) εHf values.
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2SE) with a weighted mean of 3.85 ± 0.10% (MSWD = 1.9). Zircon grains 
from IESn2 have δ18O from 3.08 ± 0.24% to 3.80 ± 0.25% with a weighted 
mean of 3.57 ± 0.11% (MSWD = 1.7). Oxygen isotope ratios for IESn3 
zircon grains range from 3.55 ± 0.21% to 4.36 ± 0.38% with a weighted 
average of 3.73 ± 0.11% (MSWD = 2.1).

4.5. Zircon Hafnium Isotope Values

Hafnium isotope compositions were obtained for 60 Snæfell zircon grains 
(Figure  3, Table  2). The εHf for Snæfell samples ranges from +13.3 to 
+17.8, which includes some of the highest individual εHf values observed 
in Icelandic zircon (e.g., Carley et al., 2020). Samples IESn1 and IESn2, 
which have nearly identical U-Pb ages and were collected in close prox-
imity to one another, have weighted sample mean εHf of +14.1 ± 0.3 (2SE; 
MSWD = 2.3) and +14.2 ± 0.2 (MWSD = 1.3), respectively. Younger sam-
ple IESn3 has a weighted sample mean εHf of +14.7 ± 0.4 (MSWD = 2.2) 
and is the only sample to have individual grains with εHf near or greater 
than ∼+16.
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Figure 4. Selected trace element concentrations and variations in Snæfell zircon plotted against other Icelandic zircon 
(Banik et al., 2018; Carley et al., 2014). Open circles denote grain surface analyses; closed circles are grain interior 
analyses. (a) Ti versus Hf. (b) Ti versus Sc/Yb. (c) Ti versus Yb. (d) Sc versus Sc/Yb. Fractionation trends from Grimes 
et al. (2015).

Figure 5. Snæfell zircon (lines) versus Icelandic zircon (gray field; Carley 
et al., 2014) REE, normalized to chondrite values of McDonough and 
Sun (1995).
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4.6. Whole Rock Oxygen Isotope Values

Snæfell whole rock samples IESn1, IESn2, and IESn3 have δ18OVSMOW of 5.08 ± 0.14‰ (n = 3), 5.45 ± 0.78‰ 
(n = 3), and 5.43 ± 0.42‰ (n = 5), respectively (Figure 3; Table 1). Errors are 2SD. These data are consistent 
with previously published values of Snæfell whole rock rhyolites (∼4.4–5.3‰; Hards et al., 2000). Relatively 
large uncertainties associated with samples IESn2 and IESn3 are attributed to visible sample heterogenei-
ties characteristic of those outcrops and of the pieces analyzed.

5. Discussion
The results above provide a largely zircon-focused context (with supporting whole rock data) from which 
to interpret petrogenesis of rhyolites from Snæfell, including timing and longevity of the magmatic system, 
magmatic processes, and constraints on involvement of mantle versus crustal materials.

5.1. Zircon Crystallization Timescales

Zircon geochronology expands our understanding of magmatic-volcanic timescales operating at Snæfell. The 
previously reported rhyolite age from the main edifice of Snæfell is 207 ± 10 (2σ) ka (Guillou et al., 2019), 
which is younger than all the U-Pb zircon dates measured in this study. Samples IESn1 and IESn2 have 
weighted mean ages older than the oldest reported basalt age (324 ± 12 (2σ) ka; Guillou et al., 2010). We 
interpret the youngest population of zircon ages (weighted mean sample ages: IESn1: 353 ± 13 ka; IESn2: 
356 ± 12 ka; and IESn3: 266 ± 16 ka) from the interior analyses to represent maximum estimates of the 
eruption age. This is supported by the surface ages, despite their larger uncertainties due to high common 
Pb concentrations and relatively low U concentrations (Table 2). We interpret the older ages from zircon 
cores to arise from recycling of antecrystic zircon native to the Snæfell system—it is unlikely that the older 
zircon grains are truly xenocrystic due to the large discrepancy between zircon ages and the apparent bed-
rock ages (∼2–10 Ma, increasing with depth). Mussett et al. (1980) report a basalt bedrock age of ∼2.5 Ma 
∼20 km due northeast from the summit of Snæfell along the regional fissure orientation, which is likely 
a good estimate of the general shallow bedrock age immediately underlying Snæfell when the regional 
stratigraphy is considered. Combining Snæfell's distance from the eastern 3.3 Ma isochron on the geologic 
map of Iceland (Jóhannesson & Saemundsson, 2009) and the current average spreading rate of ∼1 cm/
yr (DeMets et al., 2010) yields an model bedrock age of ∼1.8 Ma, which increases to ∼2.1 Ma using the 
0.78 cm/yr spreading rate of Mussett et al. (1980). Although inconsistent spreading rates over the length of 
the rift (e.g., Walker, 1964, 1974; and many others) lead to uncertainty, this calculation nevertheless provides 
a rough approximation by which to assess potential bedrock age.

Intra-grain U-Pb measurements reveal timescales of magma residence previously unrecognized at Snæfell. 
Uranium-Pb analysis of a subset of ante- or xenocrystic-appearing cores (Miller et al., 2007) identified by CL 
imaging confirms that they are statistically older than the younger population of grains and grain mantles 
in each sample. These results suggest that many of the grains in samples IESn1 and IESn2 experienced an 
initial period of growth followed by residence in sub-solidus or zircon-undersaturated conditions—a com-
mon phenomenon in zircon-bearing systems globally (e.g., Bacon & Lowenstern, 2005; Charlier et al., 2005; 
Claiborne et al., 2010; Lowenstern et al., 2000; Miller & Wooden, 2004; Reid et al., 1997; Schmitt et al., 2003; 
Simon & Reid, 2005).

In Iceland, zircon residence timescales prior to eruption approach 50 kyr in historically active systems 
(Carley et al., 2011), and apparently far longer in Tertiary systems (Carley et al., 2017; Banik et al., 2018). 
This apparent discrepancy in residence times between young and old systems may simply result from sam-
pling bias: Tertiary systems are extinct and sampling has the potential to intersect grains from the entire 
zircon-saturated lifespan of the system, whereas currently active systems may not have erupted a sufficient 
volume, or been sufficiently dissected by erosion, to provide the 4-D sampling resolution possible for extinct 
systems. U-Th disequilibrium ages indicate zircon residence at Öræfajökull, located at the southern end of 
the ÖVB, was ∼35 kyr for zircons erupted in 1362 CE. Hekla zircon residence is > 40 kyr and Torfajökull 
zircon residence approaches ∼50 kyr (Carley et al., 2011). Zircon crystallization, sub-solidus storage, and 
remobilization on timescales up to ∼200 kyr appears to have been common at Snæfell, especially earlier in 
its magmatic history (Figure 3). This protracted zircon residence timescale is similar to that observed in arc 
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volcanoes; for example, Mount St. Helens zircons have core-to-rim age variations up to 200 kyr and cores 
that are easily distinguishable in CL (Claiborne et al., 2010). This may imply that—similar to arc systems—
Snæfell's plumbing structure allows for development of a long-lived “rigid sponge” (Hildreth, 2004) formed 
through repeated melt injections, cooling and AFC processes, and rejuvenation. Snæfell zircon grains likely 
crystallized from multiple iterations of melts and were then amalgamated into their final host magma after 
varying degrees of residence time—a scenario supported by the variety of ages observed within these grains 
(Figure 3) and the commonly observed zonation patterns (Figure 2).

5.2. Thermal Conditions of Snæfell Rhyolites

Surface analyses of Snæfell zircon average ∼5 ppm higher Ti than those observed in grain interiors (Fig-
ure 4); application of the Ti-in-zircon thermometer of Ferry and Watson (2007) with aSiO2 = 1 and aTiO2 = 0.5 
yields surface crystallization temperatures ∼50°C higher than grain interiors in samples IESn2 and IESn3 
(Table  S6). Titanium concentrations in zircon correlate with crystallization temperature (Ferry & Wat-
son, 2007; Watson et al., 2006). These findings suggest that the final crystallization interval of these zircon 
grains occurred in an environment that was substantially warmer than earlier stages of crystallization—
likely from open-system processes involving the influence of new, hotter magma from the deep crust or 
mantle. Rejuvenation of crystal mushes through underplating or introduction of hotter material is a com-
mon and well-studied phenomenon (e.g. Bachmann & Bergantz, 2009; Bachmann et al., 2002; Klemetti & 
Clynne, 2014; Mahood, 1990).

In Iceland, the vast majority of magmatic systems with a central volcano (a main edifice) also have fissure 
systems that are capable of transporting magma sourced from depth. The general model for central volcano 
systems also includes a longer-lived, shallow reservoir that ultimately feeds central volcanoes (e.g., Thord-
arson & Larsen, 2007; Walker, 1966). A typical on-rift central volcano system in Iceland commonly appears 
to have a magma chamber at <5 km depth fed by dikes and/or magma reservoirs near the base of the crust 
(e.g. Gudmundsson & Högnadóttir, 2007; Maclennan, 2019; Thordarson & Larsen, 2007). Comparisons of 
phase equilibria and experiments support the presence of a mid-crustal magma reservoir under Snæfell at 
∼13 km depth (0.35 GPa; Hards et al., 2000), hosted in dominantly basaltic crust under Snæfell ∼35 km 
thick (Darbyshire et al., 2000).

Snæfell was ∼60 km from the currently active Northern rift axis during edifice construction, assuming an 
average half-spreading rate of ∼1 cm/yr (DeMets et al., 2010). The subsurface model of Pálmason (1986) 
based on structural observations, geodetic measurements, and thermal modeling suggests bedrock temper-
atures corresponding to a 13 km-deep magma reservoir at Snæfell approach 900ºC—potentially too cold to 
initiate partial melting of the hydrated metabasaltic crust (modeled to begin ∼1000°C; Pálmason, 1986; cf. 
Beard & Lofgren, 1989; Spulber & Rutherford, 1983; Thy et al., 1990) without additional thermal input. The 
general crystallization temperature range indicated by the Ti-in-zircon thermometer (∼700ºC–800°C) (Fer-
ry & Watson, 2007) suggests Snæfell zircon crystallized in conditions >100°C cooler than the surrounding 
ambient bedrock, and therefore from magmas likely approximating solidus temperatures.

5.3. Trace Element Constraints on Rhyolite Source Materials

In Iceland, the basaltic crust generally hydrates and metamorphoses to produce amphibolite. Therefore, 
identifying amphibole signatures (e.g., Sc and middle REEs are strongly partitioned into amphibole (Grimes 
et al., 2015)) is one way to evaluate depth and source of silicic melts. With the exception of three grains (out 
of ∼100), all Snæfell zircon plots in the amphibole-poor region on the Ti versus Sc/Yb diagram (Figure 4b) of 
Grimes et al. (2015), suggesting that their source melts are derived from a system that is not in equilibrium 
with amphibole. Amphibole-free source melts may be achieved through several mechanisms. The crust that 
hosts the Snæfell magmatic system is too cool to adequately circulate hydrothermal fluids to incite amphib-
olitization. These cool conditions may have persisted throughout the development of this older bedrock that 
was presumably once located in the active rift zone (e.g., the Northern volcanic zone (NVZ)). Mantle melts 
that undergo FC to produce rhyolites are generally assumed to be too dry to stabilize amphibole (cf., Jónas-
son et al., 1992; Prestvik, 1980, 1982). Water-undersaturated melting experiments of metabasalt from 0.1 to 
0.3 GPa yield silicic melts in equilibrium with an amphibole-free restite that are similar to metaluminous 
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rhyolites characteristic of on-rift Icelandic rhyolites (Beard & Lofgren, 1989; Spulber & Rutherford, 1983; 
Thy et al., 1990; Óskarsson et al., 1982). While not a perfect match for Snaefell's mildly peraluminous melts, 
these experimental results support the idea that PM can generate non-amphibole-bearing, zircon-saturated 
rhyolites at middle-to-deep crust depths (0.1–0.3 GPa).

5.4. Oxygen Isotopes in Zircon and Whole Rock Suggest a Lack of Crustal Material 
Incorporation

Zircon crystallizing from melt generated through closed-system fractionation of mantle-derived magma 
should have δ18O = 5.3 ± 0.6‰ (Valley et al., 1998, 2005). Zircons from Snæfell have δ18O ranging from ∼3.1 
to 4.4‰. These values are lower than expected for mantle-equilibrated zircon, but within the typical range 
of δ18O for Icelandic zircon; 90% of measured Icelandic zircon grains have δ18O ranging from 0.2% to 4.7% 
(mean δ18O of 3.0%) (Carley et al., 2014).

Hattori and Muehlenbachs (1982) provide data for oxygen isotope ratios in the upper 3 km of the Icelandic 
crust. Low δ18O basaltic bedrock is thought to arise (1) because the Icelandic mantle has uniquely low δ18O 
(e.g., Thirlwall et  al., 2006); or (2) through hydrothermal alteration by low-18O water or contamination 
by materials affected by such water (e.g., Bindeman et al., 2012, 2008; Condomines et al., 1983; Hattori & 
Muehlenbachs, 1982). If the Icelandic mantle has low δ18O (Scenario 1 above), then basalts erupted and 
intruded throughout Iceland's history—the rocks composing the bedrock—would retain that signature and 
the crust would have low δ18O. The presence of olivine crystals with mantle-normal O isotope compositions 
in Icelandic basalts argues against an abnormally depleted Icelandic mantle. It is instead likely that low-18O 
magmas in Iceland result from hydrothermal alteration by isotopically light meteoric water, or through ana-
texis or assimilation of such material (Scenario 2 above; Bindeman et al., 2008, 2012; Gurenko et al., 2015).

Hydrothermal alteration by low-18O meteoric water occurs in the upper few km of the crust in active rift 
zones—especially areas surrounding central volcanoes—where sufficient heat exists to drive circulation 
and facilitate isotopic diffusion to produce low-18O bedrock. Iceland is constructed by persistent spread-
ing-induced eruptions and occasional rift relocations. The Tertiary plateau lava sequence approaches 
∼10 km thick (Walker, 1964, 1974). Following the crust-building model of Pálmason (1986), Tertiary lavas 
erupted from now-extinct rifts, were buried by subsequent eruptions, subsided as they cooled and were rift-
ed away from their spreading center, and experienced hydrothermal alteration within ∼2 Myr of formation. 
Precipitation in Iceland appears to have been low-18O throughout the last 16 Ma, although just how low 
has varied with climate over time (Carley et al., 2020). Therefore, it is conceivable that Icelandic bedrock at 
depth (>3 km) has low 18O values due to hydrothermal alteration. Lavas produced in off-rift zones tend to 
have higher δ18O values (e.g., Martin & Sigmarsson, 2007), and we expect the same to be true of the bedrock 
they build in the millions of years following their eruption, burial, and subsidence. However, contributions 
from these (or similar, now-defunct and buried) off-rift areas are far subordinate to the volume of crust 
added at and around the active rift zones.

Zircon δ18O is lower than the δ18O in melt from which it grows—for rhyolitic melt, the difference is roughly 
1.8% at 850°C (Bindeman et al., 2012; Trail et al., 2009). Crystal-poor host rhyolites of the Snæfell zircon 
grains have whole rock δ18O of ∼5.1–5.5%, which overlap the expected range of rhyolite δ18O based on the 
above relationship. However, zircon textures, age data, and compositions support the interpretation that 
Snæfell zircons are antecrysts (e.g., Bacon & Lowenstern, 2005; Charlier et al., 2005; Miller et al., 2007; 
and many others)—crystals derived from an earlier episode of magmatism and which are incorporated in 
a later pulse(s). If we assume that the sampled rhyolites are broadly representative of the zircons' parental 
magmas, O fractionation modeling can provide context for rhyolite petrogenesis.

Extended closed-system crystallization of mafic melt leads to an increase of roughly 0.5–1% in δ18O in frac-
tionated rhyolite melt (e.g., Bindeman, 2008; Trail et al., 2009; cf. Valley et al., 2005). Pope et al.  (2013) 
present a model for basalts at Krafla volcano in which a mantle-derived basalt (δ18O = 5.5%) repeatedly 
assimilates ∼15% melt from hydrothermally altered bedrock (δ18O = −10%) to produce a magma with final 
δ18O = 4.7 over 15 Myr; however, it should be noted that altered crust with δ18O as low as −10% is unusual 
for Iceland as a whole (Hattori & Muehlenbachs, 1982). Snæfell basalts have δ18O∼5% (Hards et al., 2000). 
Results of mass-balance modeling of 18O fractionation between zircon and host melt based on the model 

BANIK ET AL.

10.1029/2020GC009255

13 of 23



Geochemistry, Geophysics, Geosystems

of Pope et  al.  (2013) are presented below (Figure  6) and in Table  S5. However, interpretation based on 
such modeling is complicated by variability in the altered crust (∼2  >  δ18O    >    −10%; Hattori & Mue-
hlenbachs, 1982). As mentioned in Section 5.3, evidence is lacking for a hydrothermal system associated 
with Snæfell, and there is uncertainty regarding the degree to which those conditions may have persisted 
throughout bedrock development—and in mantle basalt (∼4–5.5%; e.g., Pope et al., 2013).

There are many pathways to the whole rock and zircon δ18O compositions observed at Snæfell. For example, 
zircon crystallizing from a melt composed of a 4:1 ratio of rhyolite melt derived from fractional crystalliza-
tion of mantle basalt (δ18O ∼5.5%) and rhyolite melt derived from anatexis of crust with δ18O∼2% will have 
δ18O ∼3.5%—as will zircon crystallizing from a ∼19:1 ratio of rhyolite melt derived from fractional crystal-
lization of mantle basalt (δ18O∼5.5%) and rhyolite melt derived from anatexis of crust with δ18O = −10% 
(Figure 6; Table S5).

These findings suggest that a dominant proportion of relatively high-δ18O (i.e., near mantle value) melt with 
minimal contribution from low-δ18O recycled crust is required to produce Snæfell silicic magmas that host 
zircon. This pathway to low-δ18O melt is not unusual in modern Iceland (e.g., Bindeman et al., 2012; Guren-
ko et al., 2015), except at off-rift Öræfajökull at the southern end of the ÖVB (Carley et al., 2020; Figure 1b), 
and may be achieved in one of three ways: (1) Snæfell silicic melts result from closed-system fractional crys-
tallization of mantle-derived melts with δ18O∼5%; (2) crustal inputs are of a similar O isotopic composition 
as any fresh mantle-derived melts such that any proportion of assimilated crust—even a dominant one—
does not leverage a significant shift in isotopic composition; or (3) a combination of both occurred. Little 
intrasample variability in zircon δ18O demonstrates behavior trending toward closed-system. Open-system 
behavior could be accommodated only with approximately homogeneous inputs from small batches of 
melt. Therefore, all these scenarios result in both zircon and whole rock δ18O compatible with our findings.

5.5. Hafnium Isotopes in Zircon—A Case for Deep-Crust Involvement?

Hafnium isotope data further distinguish between fractional crystallization of new mantle melts versus 
incorporation of pre-existing crust. Zircon εHf from +13.3 to +16.3 in the Snæfell samples overlaps with—
but extends to considerably higher values than—the range reported for basaltic magmas erupted from the 
Snæfell system (εHf ∼+13 to +13.5) and the propagating EVZ (εHf ∼+11 to +13.5) (Peate et al., 2010). Snæfell 
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Figure 6. Potential pathways of rhyolite production at Snæfell that result in the observed zircon oxygen isotope 
compositions. Left scenario utilizes a starting mantle δ18O of 5.5%; middle and right scenarios utilize mantle 
δ18O = 5.0% for comparison.
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zircon εHf is higher than in basalts from other modern off-rift zones, in-
cluding Öræfajökull (εHf ∼+11 to +12) and overlaps the range (εHf ∼+13.5 
to +19) of values from basalts erupted from modern established rifts 
(Peate et  al.,  2010; data re-reduced using the CHUR value of Bouvier 
et al., 2008 to be internally consistent with this study). Measured zircon 
Hf compositions in samples IESn1, IESn2, and IESn3 vary by ∼2–2.5 ep-
silon units (Table  2; Figure  3c), which is typical for Icelandic systems 
(Banik et al., 2018; Carley et al., 2020; Padilla et al., 2016).

Icelandic magmas exhibit an apparent latitudinal difference between 
more- and less-radiogenic Hf isotope bedrock (and zircon), with less ra-
diogenic compositions to the south (εHf < ∼+12 to +14) and more radio-
genic compositions to the north (εHf > ∼+12 to +14) (Carley et al., 2020). 
The distribution of εHf compositions appears to reflect a persistent dis-
tinction between the mantle that underlies northern and southern Ice-
land. The edifice of Snæfell unconformably overlies bedrock up to 10 
Myr old (at depth) that erupted from the Northern volcanic zone (Fig-
ure 1) several million years after the Northern segment of the rift initi-
ated (Martin et al., 2011). Thus, the crust that hosts Snæfell's magmatic 
system most likely resembles that generated from established rifts that 
erupt magmas with a MORB-dominant, more radiogenic Hf isotope 
composition. Regional heterogeneity of the underlying crust and mantle, 
along with slight deviations in spreading direction with respect to the rift 
axis, permits the Snæfell magmatic system to be hosted in bedrock that 
has an isotopic composition with characteristics similar to that of other 
NVZ-produced bedrock.

Icelandic volcanic systems typically display generally coherent radio-
genic isotopic compositions between basalt and rhyolite (e.g., Banik 
et al., 2018; Nicholson et al., 1991; Peate et al., 2010; Stecher et al., 1999). 
A suite of mafic to rhyolitic samples at Snæfell reveals indistinguishable 
Sr, Nd, and Pb isotope bulk rock compositions across the suite (Hards 
et al., 2000)—however, bulk rock Hf isotope data currently exist only for 

basalts (εHf∼+12.9–13.3; Peate et al., 2010). The correlation between εNd and εHf is generally strong globally 
(e.g., Vervoort & Blichert-Toft, 1999; εHf(t) = 1.36 ×εNd(t) + 3), which was demonstrated for Icelandic basalts 
by Peate et al. (2010). Further, Carley et al. (2020) demonstrated a correlation between Icelandic whole rock 
and zircon Hf isotope values, and then developed mathematical relationships to associate Icelandic whole 
rock Hf and Nd isotope values—εHf=(1.48 ×εNd) + 2.52; r2 = 0.65—and zircon Hf isotope compositions. 
Isotopic values for whole rocks may then be estimated in the absence of measured values using the above 
relationships.

Hards et al. (2000) and Peate et al. (2010) report whole rock Nd data for 6 and 7 Snæfell samples, respec-
tively. However, only one of these samples is a rhyolite; the remainder are basalts. The data reported by 
Hards et al. (2000), including the rhyolite, do not include Hf isotope compositions. We used published Nd 
isotope compositions and the calculation of Carley et al. (2020), above, to determine approximate Hf isotope 
compositions for a sample of rhyolite and additional basalt samples. We do not observe the expected corre-
lation between Snæfell whole rock rhyolite εNd (measured) and zircon εHf (measured) and between basalt εHf 
(calculated) and zircon εHf (measured) (Figure 7). This discrepancy suggests that the zircon grains grew in 
magmas with different Hf isotope compositions than those in which they were finally entrained and erupt-
ed. It also highlights the complicated isotopic nature of the Icelandic crust, mantle, and minerals therein.

Changes in mantle-crust interaction could potentially result in changes in Hf isotope compositions. Storck 
et al. (2020) demonstrate that mantle flux plays a key role in determining whether mantle melt or crustal 
contamination dominates in silicic petrogenesis. Early basaltic intrusions into the crust may cause only 
limited melting and assimilation but ensuing magma injections into progressively hotter crust might result 
in more extensive partial melting and assimilation of crustal material with time (Storck et al., 2020). If this 
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Figure 7. Whole rock and zircon εHf versus whole rock εNd for rhyolites 
from Snæfell and other Neovolcanic systems. Snæfell rhyolite and basalt 
from Hards et al. (2000) with calculated εHf from measured εNd following 
the method of Carley et al. (2020); Snæfell zircon from this study. 
Compositions from Snæfell basalts noted by the hatched field (Peate 
et al., 2010) and stars (Hards et al., 2000) for comparison. All other data 
from Carley et al. (2020). Array after Vervoort and Blichert-Toft (1999). 
Note that Hekla and Torfajökull are often considered more petrogenetically 
representative of the South Iceland Seismic Zone (SISZ) than the nearby 
Eastern rift zone.
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model is applied to Snæfell, the slightly elevated zircon εHf values in the young grains from IESn3 would 
result from crystallization in rhyolite derived from a higher fraction of anatectic melts from high-εHf crust 
relative to older samples IESn1 and IESn2. However, the Snæfell zircon grains ultimately became entrained 
in magmas with comparably lower εHf values. These host magmas would then need to be derived by a 
mechanism independent of magma flux—such as the involvement of substantial volumes of low-εHf mag-
ma, likely from the mantle, on the scale of 10s–100s of kyr—which is difficult to envision in this context. 
Another consideration is that the established eruptive lifetime of Snæfell (∼466–207 ka) may have started 
to wane by the time the IESn3 zircons crystallized ∼266 ka. If Snæfell's plumbing system experienced a sys-
tem-wide thermal energy decrease, as is hinted at by the low Ti concentrations (and thus cool crystallization 
Ts) in zircon, we would expect to see evidence of less anatexis in the form of lower εHf values in the younger 
Snæfell zircons, not the higher εHf values observed (Figures 3 and 7). The shift of magmatism southward 
along the ÖVB toward Öræfajökull (Hards et al., 2000) supports the hypothesis of a diminished heat budget. 
A simpler and more plausible scenario for imparting higher-εHf signatures to Snæfell zircon without also 
raising the bulk rock εHf values is to crystallize and store zircons in melts generated by anatexis of deeper 
crust formed during an earlier stage of rifting.

The zircon Hf isotope compositions presented here argue against the presence and involvement of trapped 
continental crust under eastern Iceland (Foulger, 2006; Torsvik et al., 2015). If magmas from which Snæfell 
zircon grains crystallized were contaminated by the underlying continental lithosphere, then we would 
expect much lower εHf values (e.g., Greenland zircon with εHf(i) < 2.5; Fisher & Vervoort, 2018), not the very 
high values observed here (εHf>∼+13; Figure 3). Based on these data, there is no continental crust under 
Snæfell, or—if present—it has not contributed enough during petrogenesis to imprint on the zircon isotopic 
record.

5.6. An Updated Petrogenetic Model for Snæfell Rhyolites

Hards et al. (2000) argue that neither partial melting (PM) of the tholeiitic bedrock nor pre-existing seg-
regations of silicic material (observed as xenoliths in Snæfell basalts) can account for Snæfell's peralkaline 
rhyolites, and therefore propose that Snæfell rhyolites are produced dominantly through fractional crystal-
lization (FC). Hards et al. (2000) note that FC alone cannot account for all the compositional characteris-
tics observed in Snæfell's rhyolites and posit that involvement of pre-existing crust is a subordinate—but 
detectable—presence in rhyolite petrogenesis. While we fundamentally agree with the interpretation of 
Hards et al.  (2000), the zircon-based geochronologic, geochemical, and isotopic evidence presented here 
allow for an updated and more intricate view of rhyolite production at Snæfell. This detailed model of silicic 
petrogenesis at Snæfell must account for (1) the geochronology trends observed among zircon cores and 
mantles and between samples; (2) differences in magma conditions and evolution as inferred from zircon 
trace element concentrations and trends between the samples; (3) zircon and whole rock O isotope val-
ues lacking indications of a significant isotopically light component; and (4) zircon grains with Hf isotope 
compositions that are more radiogenic than those measured in Snæfell's basalts and modeled for Snæfell's 
rhyolites.

Zircon evidence suggests much longer magma residence times than have previously been observed in Neo-
volcanic Icelandic magma systems. Zircon CL images support zircon crystallization, residence, and remo-
bilization with the presence of different zoning patterns between cores and mantles of grains and, in some 
cases, clear core/mantle boundaries (Figure 2). Zircon core ages average 10s–100s of kyr older than mantles 
of grains extracted from the same samples. The overall range of crystallization ages is broadly synchro-
nous with ages for other Snæfell eruptive units obtained via whole-rock geochronology. However, the ages 
obtained from both cores and mantles of zircon grains from samples IESn1 and IESn2 pre-date the oldest 
dated eruptive unit by at least 25 kyr (Figure 3a; Table 2).

Trace element concentrations of zircon grains derived from Snæfell rhyolites suggest crystallization from 
magmas with somewhat variable compositional histories. Zircon Hf and REE concentrations (Figures 4 
and 5) vary, likely as a result of crystallization in melts from a range of evolutionary paths. It appears that 
none of these melts were influenced by the presence of amphibole based on the somewhat variable but 
generally low concentrations of Sc (Figure 4). Finally, Ti concentrations suggest zircon crystallization in 
cooler conditions than are typical in Iceland (Figure 4), likely as a result of late-stage saturation in melts 
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that lost heat to a somewhat cool crust given the distance from both the active rift and the hotspot (Martin 
& Sigmarsson, 2010). Titanium concentrations increase toward the surfaces of grains from samples IESn2 
(3 ppm increase; ∼50°C) and IESn3 (4 ppm increase; ∼70°C), indicating a late-stage heating event likely 
associated with introduction of hotter mafic material. Reheating likely led to rejuvenation and mixing of 
silicic magmas in a range of states (e.g., sub-solidus, crystal mush, mostly melt) repeatedly throughout the 
system's lifetime. These thermal perturbations may have destabilized magmas and triggered eruptions.

Thermal involvement of hotter mafic material and the operation of open-system processes opens a crit-
ical door to understanding the overall genesis of rhyolites at Snæfell. Oxygen isotope values of zircons 
(δ18O∼3–4%) and their host rocks (δ18O∼5–5.5%) indicate a lack of substantial involvement of low-18O ma-
terial commonly associated with hydrothermally altered bedrock in Iceland. As discussed in Section 5.3 this 
could mean:

 (1)  these materials were formed from FC of fresh mantle melts with δ18O∼5–5.5%
 (2)  these materials result from assimilation and/or anatexis of Icelandic bedrock that escaped substan-

tial hydrothermal interaction with low-18O water and therefore has not been imprinted with a low-18O 
signature

 (3)  some combination of these two end-member processes that results in an assimilation-fraction crystalli-
zation (AFC) hybrid magma; or

 (4)  the zircons detailed in this study may be xenocrystic and therefore do not provide constraint on the 
petrogenesis of Snæfell rhyolites, but rather elucidate intra-crustal differentiation processes

Scenario 1 is a tidy explanation and fits the standard explanation for rhyolite formation in off-rift areas (e.g., 
Jónasson, 2007; Martin & Sigmarsson, 2010; Schattel et al., 2014). Scenario 2 is attractive because of the high 
probability that repeated injections of basalt could lead to localized, small-batch melting of the bedrock. 
Scenario 3 is also highly plausible and has been demonstrated at other volcanic systems, both active and 
extinct (e.g. Banik et al., 2018; Macdonald et al., 1987; Nicholson et al., 1991). Scenario 4 is improbable—
while some zircon ages predate edifice-building eruptions at Snæfell, they are generally synchronous with 
the Snæfell and occur within a geologically reasonable timeframe for zircon crystallization predating erup-
tion (e.g., >100 kyr, Reid et al., 1997; ∼300 kyr, Claiborne et al., 2010). It is more difficult to explain off-rift, 
rhyolite-generating, zircon saturated magmas in the same location as Snæfell that persisted for 100s of kyr. 
We therefore focus on Scenarios 1–3 moving forward.

In evaluating each of Scenarios 1–3, we must bear in mind the isotopic complexities in the zircon and 
whole-rock records. Hafnium isotope compositions in Snæfell zircon grains suggest crystallization from 
melts with a more radiogenic component than is observed in Snæfell basalts (which also have δ18O∼5‰). 
In order to achieve the observed O isotope values in Snæfell rhyolites, the radiogenic Hf measured in the 
zircon grains must originate from a source that also has approximately mantle values for δ18O (∼5‰) and 
εHf∼14–19—a composition similar to that of NVZ basalts (e.g. Peate et al., 2010 and references therein). 
Scenario 1 presented above seems to satisfy all the zircon geochemical observations presented here yet can-
not account for the difference in Hf isotope compositions between the Snæfell zircons and Snæfell whole 
rock (both measured and modeled; Figure 7). The involvement of hotter, more mafic material at the end 
of the Snæfell zircons' crystallization lends support to Scenario 2. However, the degree to which the bed-
rock surrounding the magmatic system >10 km under Snæfell escaped significant impact by hydrothermal 
alteration in the first few million years of its existence—when it was hotter and closer to the surface to 
allow groundwater circulation—is difficult to assess. In theory, the metabasaltic crust may have passed the 
amphibole breakdown curve and generated fluid-absent anatectic rhyolite melts to generate the older zir-
con cores. Subsequent thermal episodes may have occurred ∼350 kyr and ∼265 kyr ago resulting in zircon 
crystallization from defrosted silicic segregations/intrusions, followed by and eruption. Alternate scenarios 
may be able to satisfy the requirements listed above. However, Scenario 3—the AFC model—draws on the 
strengths of the two end-member processes and is thus the most geologically reasonable way to produce the 
observed zircon geochemical characteristics within the constraints of whole-rock geochemical parameters.

Rhyolite petrogenesis at Snæfell likely occurs in a modified AFC scenario whereby extended fractional 
crystallization of new, mantle-derived magmas dominates over assimilation of volumetrically minor and 
slightly varying amounts of low-18O, high-εHf bedrock (Figure 8; Table S7). This supports the conclusion of 
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Hards et al. (2000) while providing new details about the amounts and compositions of the anatectic melts 
and a more detailed history of the magmatic system. Snæfell zircon CL textures, evidence of late-stage 
pre-eruptive heating, and ages support a system in which crystallization, potential dormancy in sub-solidus 
conditions, and periodic rejuvenation, ultimately culminating in eruption, persisted for 100s of kyr.

6. Conclusions
The first ever zircon-based constraints on the timing, longevity, and petrogenetic processes associated with 
production of rhyolites at Snæfell volcano, Iceland, include the following:

•  Zircon ages range from ∼545 ka to ∼265 ka, with ages between grain cores and mantles differing by 
∼100–200 kyr within a single sample. This suggests that zircon crystallization, sub-solidus storage, and 
remobilization on timescales up to ∼200 kyr was common at Snæfell. These absolute ages are consistent 
with zircon CL internal zoning and textures;

•  Zircon trace element concentrations suggest crystallization occurred in relatively cool magmas derived 
from amphibole-free sources with minimal fractionation following zircon saturation. Introduction of 
hotter magma initiated remobilization, and ultimately eruption, of silicic magmas;
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Figure 8. Model for Snæfell rhyolite petrogenesis based on zircon data. Amounts and values of εHf and δ18O are 
general; see text for discussion of uncertainty regarding crustal isotopic composition. (a) Snæfell magmatism begins 
before the first edifice-building eruption at 466 ka. (a1) Rhyolite results dominantly from FC of fresh mantle melts 
with subordinate contributions from assimilation of low-δ18O, high-εHf crust. (b) Rhyolite-hosted zircon experiences 
subsolidus conditions. (c) Rejuvenation allows additional zircon saturation and growth, as well as potential for 
mixing of rhyolite magma batches and introduction of anatectic melt. Cycles of zircon growth, subsolidus quiescence, 
and rejuvenation may continue for some time prior to eruption. (d) Rhyolite destabilization and eruption. Zircon 
grains record multiple pulses of growth over 10s–100s of kyr and are hosted in rhyolites with lower εHf—but similar 
δ18O—characteristics.
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•  Zircon δ18O ranges from ∼3.5 to ∼4‰—consistent with crystallization from a silicic magma dominantly 
derived from fractional crystallization of primitive mantle melt with variable but minor input from an 
18O-depleted source; and

•  Zircon εHf ranges from ∼+13 to ∼+17 (sample averages: ∼+14.1–+14.7), which is substantially more 
radiogenic than measured Snæfell basalt (εHf∼+12.9–13.3; Peate et  al.,  2010) or modeled rhyolite 
(εHf = +13.3).

We invoke a petrogenetic model whereby repeated injections of primitive mantle-derived basalts undergo 
fractional crystallization, with a minor component of assimilated bedrock, to produce small volumes of rhy-
olite melt. These rhyolites are periodically rejuvenated through additional mantle magma additions, then 
erupt when disturbed by substantially hotter injections. These zircon data allow for a novel view of rhyolite 
petrogenesis at Snæfell and provide more detailed insight on processes operating over magmatic timescales 
far longer than those previously reported for the Snæfell magmatic system and other Neovolcanic magmatic 
system in Iceland.

Data Availability Statement
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