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and monitoring of volcanic unrest

GSA Today, v. 22, no. 9, doi: 10.1130/GSATG143A.1.

*Now at Dept. of Geosciences, University of Iowa, Iowa City, Iowa 52242-1379, USA; guillaume.girard@mail.mcgill.ca.

Guillaume Girard* and John Stix, Dept. of Earth and Planetary 
Sciences, McGill University, 3450 University St., Montreal QC H3A 
2A7, Canada

ABSTRACT

In order to understand possible future scenarios of intracaldera 
volcanism at Yellowstone, we provide new insights on the generation 
and eruption of the youngest intracaldera rhyolitic magmas using 
quartz petrography, geochemistry, and geobarometry. We propose 
that magma ascent occurred rapidly from the source regions at 
8–10 km to the surface along major regional faults, without storage 
at shallower depths. These source regions coincide with the upper 
parts of the present-day imaged magma chamber, while the faults 
focus much of the present-day caldera unrest. Based on these 
combined observations, we propose that volcanism has a higher 
probability to resume in three fault-controlled NNW-trending 
lineaments, the first coinciding with the western caldera rim, the 
second lying across the central region of the caldera, and the third 
extending across the northeastern caldera. The first two lineaments 
focused recent intracaldera volcanism (174–70 ka), while the latter 
is the most active in terms of current caldera unrest. Future 
volcanism could include large-volume lava flows and phreato-
magmatic rhyolitic eruptions. The identification of these three 
regions together with potentially rapid eruptive mechanisms may 
help to better define future monitoring efforts necessary to 
improve eruption forecasting in this vast area of volcanic unrest.

INTRODUCTION

Yellowstone caldera has produced three very large Pleistocene 
caldera-forming eruptions, also referred to as “super-eruptions” 
(Sparks et al., 2005): the 2450 km3 Huckleberry Ridge Tuff at  
2.06 Ma, the 280 km3 Mesa Falls Tuff at 1.29 Ma, and the 1000 km3 
Lava Creek Tuff at 0.64 Ma (Christiansen, 2001; Lanphere et al., 
2002). All Yellowstone eruptions combined equal ~6000 km3 in 
volume (Christiansen, 2001). Although the caldera does not show 
signs of an imminent eruption and has not produced Holocene 
eruptions, the system exhibits numerous signs of unrest, including 
the highest volcanic degassing rates on Earth (Lowenstern et al., 
2006; Christiansen et al., 2007; Lowenstern and Hurwitz, 2008). 
Whether Yellowstone is capable of generating future eruptions is a 
key scientific question. These concerns have spurred recent 
reappraisals of Yellowstone volcanism, neotectonics, seismicity, 
ground deformation, and hydrothermal activity, and large 
geochronological, geochemical, and geophysical datasets have 

been collected in the past decade (e.g., Christiansen et al., 2007; 
Smith et al., 2009; Girard and Stix, 2010, and references therein). 
Christiansen et al. (2007) discussed possible future hydrothermal 
explosions, toxic gas emissions, and volcanic eruptions and their 
respective associated hazards. They identified hydrothermal 
explosions and toxic gas emissions as the volcanic hazards most 
likely to impact humans at Yellowstone. Using geochronology and 
volumes of volcanic units, they proposed probabilistic assessments 
of future volcanic eruptions and suggested that a fourth caldera-
forming eruption was the least likely scenario. Instead, they 
suggested that intracaldera rhyolitic eruptions and small basaltic 
or rhyolitic extra-caldera eruptions were more likely, with yearly 
probabilities of ~5 × 10−5, 6 × 10−5 and 2 × 10−5, respectively.

This contribution aims to complement the volcanic eruption 
hazard model proposed by Christiansen et al. (2007) by 
examining localities where volcanism is most likely to resume 
within the caldera. Potential future extra-caldera volcanism is 
not considered here. We synthesize and expand recent data on 
rhyolite quartz geochemistry with implications for magma 
generation, ascent, and eruption forecasting and integrate this 
information with recent data on the current state of the magma 
reservoir and geophysical unrest. We identify three NNW-
trending intracaldera lineaments that cut through the caldera as 
foci where volcanism may resume. The western and central 
lineaments coincide with the eruptive vents of the youngest 
intracaldera rhyolites (the Central Plateau Member), whereas the 
eastern lineament lies across the north eastern part of the caldera 
and is the focus of notable geophysical unrest.

INTRACALDERA VOLCANISM

Overview and Recent Work

Since its most recent collapse at 640 ka, Yellowstone caldera has 
experienced a complex history of rhyolitic volcanism. The earliest 
eruptive products, defined as the Upper Basin Member, are 
exposed near the two resurgent domes (Fig. 1). Two pyroclastic 
units and six lava flows were erupted between 516 and ca. 255 ka 
(Bindeman and Valley, 2001; Christiansen, 2001; Girard and Stix, 
2009; Pritchard and Larson, 2012). These rhyolites exhibit 
extremely depleted and heterogeneous δ18O isotopic signatures of 
0–4‰, suggesting pervasive hydrothermal alteration of their 
parent magma or protolith (Hildreth et al., 1984; Bindeman and 
Valley, 2001; Bindeman et al., 2008).

The Central Plateau Member rhyolites, erupted from 174 to 70 ka, 
are the youngest Yellowstone rhyolites (Christiansen, 2001). They 
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comprise exceptionally large lava flows, with individual volumes 
of <1 km3 to 70 km3, and cumulative volumes of ~360–600 km3 
(Christiansen et al., 2007). Together with lavas erupted at ca. 255 ka, 
they define a cogenetic series in which the concentrations of most 
incompatible elements (e.g., Nb, Y, HREE) increase as the lavas 
become younger, whereas those of compatible elements (e.g., Sr, Ba, 
Mg, Ti, LREE) decrease, and clinopyroxene and fayalite become 
more iron-rich (Fig. 2A) (Vazquez et al., 2009; Girard and Stix, 
2010). Compared to the Upper Basin Member rhyolites, the 
Central Plateau Member rhyolites exhibit less depleted and more 
homogeneous δ18O signatures (4–5‰) (Hildreth et al., 1984; 
Bindeman and Valley, 2001; Watts et al., 2012). These lavas also 

have the least radiogenic Nd isotopic compositions among all 
Yellowstone rhyolites, approaching the compositions of some 
Yellowstone basalts. This suggests an increased mantle-derived 
component compared to older Yellowstone rhyolites (Hildreth et 
al., 1991; Vazquez et al., 2009).

Quartz Geochemistry, Geobarometry, and Textures and 
Implications for Central Plateau Magmas

In order to determine crystallization depths, we investigated a 
selection of Central Plateau Member lavas for Ti in quartz, which 
can be used as a geobarometer (Thomas et al., 2010; Huang and 
Audétat, 2012). Measurements were obtained by laser-ablation 
inductively coupled plasma–mass spectrometry (LA-ICP-MS) 
following the protocol of Campbell et al. (2009). In all investigated 
lavas, a variable fraction (25%–60%) of quartz crystals were 
zoned under cathodoluminescence, defining a bright core and a 
darker rim with a sharp core-rim contact (Fig. 2B). Rims have 
17–30 ppm less Ti, on average, relative to the cores (Fig. 2C). The 
remaining quartz crystals were homogeneous, lacked clear 
cathodoluminescence and Ti zoning, and had Ti concentrations 
similar to those of the zoned crystal rims (Fig. 2C). The data show 
a general decrease in the Ti content of quartz from 255 ka to 70 ka 
in the high Ti cores, lower Ti rims, and unzoned crystals (Fig. 2D).  
A good correlation also exists between Ti in rims and unzoned 
crystals and Ti in matrix glass (Fig. 2D), with generally constant 
partition coefficients of 0.10–0.15 for Ti between melt and quartz 
(K

D
Ti

quartz = 0.10–0.15). Cores are also typically rounded, 
suggesting an episode of resorption before the growth of the rims 
(Fig. 2B). Finally, quartz crystals are typically subhedral (partially 
rounded) to anhedral (rounded) and commonly show long glass 
embayments (Figs. 2B and 2E).

We used the recent TitaniQ titanium-in-quartz geobarometer 
(Thomas et al., 2010; Huang and Audétat, 2012) to estimate 
depths of formation of the Central Plateau Member quartz crys-
tals (see supplemental Table DR11), using magmatic temperatures 
and TiO

2
 activity calculated on similar Central Plateau Member 

units by Vazquez et al. (2009). Despite large uncertainties result-
ing from the variability in Ti concentrations and imprecision in 
temperatures and TiO

2
 activity, the equation of Thomas et al. 

(2010) gives a pressure range between 5 and 13 kbar throughout 
the magmatic episode, approximating depths of 20–50 km in the 
crust. Using the same temperature and activity estimates, the 
equation of Huang and Audétat (2012) gives a pressure range of 
0.6–5 kbar, approximating depths of 2–20 km. Using average val-
ues of the Ti contents, TiO

2
 activity, and temperatures for each 

lava flow, we obtain pressures of 9–10 kbar and 2–2.5 kbar from 
these equations, approximating depths of 35–40 km and 8–10 km, 
respectively. These calculations reveal large discrepancies between 
the two experiment-based equations, suggesting that the results 
should be used with caution. Depths associated with the equation 
of Thomas et al. (2010) may be unrealistically high, although the 
continental crust beneath Yellowstone does appear to exceed 40 
km in thickness (Stachnik et al., 2008). By contrast, the depths 
obtained with the equation of Huang and Audétat (2012) coincide 
with the depth of the present-day imaged magma reservoir (Husen 

Figure 1. Synthetic compilation map of the Yellowstone region showing 
mapped eruptive vents active since the last caldera collapse at 640 ka 
(Christiansen, 2001; Christiansen et al., 2007) (vents for the Gerrit Basalt 
within the second caldera are omitted on this map and are not considered in 
this study); earthquakes recorded between 2003 and 2008 (Smith et al., 2009; 
Taira et al., 2010); faults (Pierce and Morgan, 1992; Farrell et al., 2009); and 
ground deformation obtained from InSAR measurements during the 2004–
2006 uplift episode (Chang et al., 2007). Map contours modified from Taira et al. 
(2010). CPM—Central Plateau Member; UBM—Upper Basin Member; BFF—
Buffalo Fork Fault; CF—Centennial Fault; EGF—East Gallatin Fault; HLFZ—
Hebgen Lake Fault Zone; MF—Madison Fault; ML—Mallard Lake resurgent 
dome; MPFZ—Mirror Plateau Fault Zone; MSF—Mount Sheridan Fault; 
TFZ—Teton Fault Zone; UYF—Upper Yellowstone Fault; YLF—Yellowstone 
Lake Fault.
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et al., 2004) (see the “Yellowstone magma reservoir” section), leading 
us to prefer these values.

Common magmatic processes such as a rapid temperature 
increase caused, for example, by the injection of a replenishing 
magma, as well as ascent toward shallower depths, lead to higher 
solubility of Ti in quartz (Wark and Watson, 2006; Thomas et al., 
2010). Should any of these processes have occurred in the Central 
Plateau magmas to allow for the formation of overgrowths, 
reverse zoning with higher Ti in rims would be observed, as 
reported at many silicic magmatic systems elsewhere (e.g., Wark et 
al., 2007; Wiebe et al., 2007; Shane et al., 2008; Campbell et al., 
2009; Matthews et al., 2012). Normal zoning like that observed at 
Yellowstone appears to be a less common feature in magmatic 
quartz. The general subhedral (partially rounded) to anhedral 
(rounded) morphologies of the quartz grains and their abundant 
glass embayments (Fig. 2E) are most commonly explained by 
adiabatic decompression during ascent, heating, or a combination 
of both (Donaldson and Henderson, 1988; Streck, 2008). These 
features and the lack of reverse zoning lead us to propose that 

ascent from source region to surface was rapid, with little or no 
storage at shallower depths. As we discuss in the following section, 
such rapid ascent may have important implications for our ability 
to predict volcanic eruptions.

Finally, the higher core Ti content of the zoned crystals may 
have been inherited from earlier stages of Central Plateau magma-
tism. In particular, the zoned quartz cores of the 70 ka Pitchstone 
Plateau lava flow have Ti compositions that closely match those of 
the unzoned crystals and zoned crystal rims of the 160 ka Buffalo 
Lake lava flow (Fig. 2C). Hence, the Pitchstone Plateau zoned 
quartz grains may be antecrysts from the Buffalo Lake episode. 

Eruptive Vents and Associated Faults

A key aspect of the Central Plateau Member rhyolites that is 
important for assessing future eruption scenarios is the distribu-
tion of their eruptive vents along two NNW-trending lineaments 
aligned with active regional faults. One lineament coincides with 
the western caldera rim, while the other cuts across the central 
part of the caldera between the two resurgent domes (Fig. 1). 

Figure 2. (A) Temporal evolution of Sr (compati-
ble element) and Nb (incompatible element) as a 
function of eruption age in the Central Plateau 
Member lavas (X-ray fluorescence data on whole 
rock; Girard and Stix, 2010); ppm—parts per mil-
lion. (B) Cathodoluminescence photomicrographs 
of two Central Plateau Member quartz grains 
(top: Buffalo Lake lava flow, 160 ka; bottom: West 
Yellowstone lava flow, 110 ka) exhibiting dark 
rims and bright cores, rounded cores, and sub-
rounded to rounded rims. Yellow circles are Ti 
analyses (ppm) by laser-ablation ICP-MS. (C) Ti 
in Central Plateau Member quartz crystals as a 
function of eruption age. (D) Average Ti content 
of quartz rims and unzoned quartz crystals as a 
function of Ti in glass (electron microprobe anal-
yses; Girard and Stix, 2010). (E) Photomicrograph 
of glass embayments in a Central Plateau Member 
quartz crystal (Moose Falls lava flow, 80 ka).
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These structures traverse the caldera perpendicular to the Yellow-
stone–Snake River Plain hotspot track and appear to be unrelated 
to the caldera ring fracture zones (Pierce and Morgan, 1992; 
Christiansen, 2001) (Fig. 1). Both vent lineaments and, in particu-
lar, the central lineament also coincide with regions of high intra-
caldera tectonic seismicity and hydrothermal activity (Lowenstern 
and Hurwitz, 2008; Farrell et al., 2009; Smith et al., 2009) (Fig. 1).

Outside the caldera, there is evidence of recent tectonic activity 
along the faults associated with these lineaments. The Hebgen Lake 
fault zone, northwest of the western lineament, experienced an M

S
 

7.5 earthquake in 1959, the epicenter of which was 25 km from the 
caldera rim (Doser, 1985) (Fig. 1). Also in this region, an earthquake 
swarm in 1985 was interpreted to reflect migration of hydrothermal 
fluids at depth (Waite and Smith, 2002). Aseismic extension has also 
been identified in this region (Puskas et al., 2007), as has a low-
velocity zone at ~2 km depth, interpreted as gas-filled (Husen et al., 
2004). South of the western lineament, major Holocene earthquakes 
with >1 m vertical displacement, possibly inherited from melting of 
the kilometer-thick ice cap that covered Yellowstone during the 35–
14 ka Pinedale glaciation, have been documented along the Teton 
fault (Hampel et al., 2007). Leveling measurements along this fault 
have revealed episodes of uplift and subsidence on the order of ~7 
mm yr−1 (Puskas et al., 2007).

Activity along faults associated with the central lineament (the 
East Gallatin fault to the north and the Mount Sheridan fault to 
the south; Fig. 1) is less precisely documented. Nevertheless, these 
faults exhibit large Pleistocene offsets (Pierce and Morgan, 1992), 
and the East Gallatin fault hosts active hydrothermal features and 
volcanic eruptive vents along the Norris-Mammoth Corridor 
(Christiansen, 2001). Holocene displacements also have been 
documented along these fault lines in Yellowstone Lake (Morgan 
et al., 2007).

Considering the volume of the Central Plateau eruptions and 
the extent of the present-day Yellowstone magma reservoir, which 
spans much of the caldera subsurface (Husen et al., 2004), it is 
reasonable to infer that the Central Plateau magma reservoir was 
not spatially restricted to the areas underlying the vent 
lineaments. Rather, it might have spanned much of the western 
and central parts of the caldera subsurface. The faults may have 
facilitated ascent and eruption of large volumes of poorly phyric 
rhyolitic magma, preventing their accumulation at shallower 
levels. The relatively low viscosity of these hot, low-crystallinity 
magmas and their transit along faults could result in rapid, 
possibly aseismic (Castro and Dingwell, 2009), ascent with little 
to no pre-eruptive shallow storage, making forecasting of 
potential future Central Plateau–type eruptions difficult. 

THE YELLOWSTONE MAGMA RESERVOIR

Seismic tomography and gravity studies beneath Yellowstone 
caldera have shown the presence of a −60 mGal gravity anomaly 
and low P-wave and low V

P
/V

S 
velocity zone with a density of 

~2500 kg m−3 at 10–16 km depth, interpreted as a crystal mush or 
partial melting zone with 5%–15% melt fraction (Husen et al., 
2004; DeNosaquo et al., 2009). This magma body lies beneath 
most of the caldera and has two shallower lobes rising to 6 km 
depth beneath each of the two resurgent domes. It may attain 
15,000 km3 in volume (Lowenstern et al., 2006). Chu et al. (2010) 
documented a low-velocity body centered at 5 km depth beneath 

the northwestern caldera rim, interpreted as partial melts with 
~30% melt and up to 8% volatiles. Such melt fractions are usually 
too low for magma to be eruptible (Marsh, 1981).

The chemical composition of the melts is not well 
characterized. Owing to the predominance of rhyolite among 
Yellowstone eruptive products, the reservoir is commonly 
perceived as rhyolitic. The presence of basalt beneath Yellowstone 
is suggested by the very large CO

2
 and S degassing rates (Werner 

and Brantley, 2003; Lowenstern and Hurwitz, 2008), yet there is 
no evidence for a deep mafic magma reservoir clearly separated 
from the imaged reservoir, in part because of the inability of 
current seismic tomography techniques to detect deeper 
structures (Husen et al., 2004; Stachnik et al., 2008; Smith et al., 
2009). Thus, Smith et al. (2009) have proposed that the shallow 
crustal magma reservoir consists of a combination of basaltic 
dykes, sills, and magma chambers and melting zones where silicic 
magma is generated. Our geobarometry data on Central Plateau 
Member quartz crystals (see Table DR1 [footnote 1]) suggest 
depths of crystallization of 8–10 km, which coincide with the 
imaged magma reservoir.

FUTURE VOLCANISM AND HAZARDS

Southwestern and Central Caldera

As outlined in the previous sections, evidence from crystal 
textures suggests rapid ascent of the Central Plateau Member 
magmas. Most of the recent eruptions (174–70 ka) were large-
volume lava flows, also known as Snake River–type lavas 
(Branney et al., 2008). Their associated hazards remain largely 
unknown and their mechanisms of emplacement, including 
extrusion rates, are not well quantified (Branney et al., 2008). The 
amount of degassing associated with such eruptions is also 
unknown; degassing may have begun long before eruption while 
magma was still accumulating, suggesting the possibility of 
prolonged pre-eruptive degassing crises. Four pyroclastic units, 
the tuffs of Sulphur Creek (473 ka, ~10–50 km3), Uncle Tom’s 
Trail (~480 ka, <1 km3), Bluff Point (173 ka, 50 km3), and Cold 
Mountain Creek (143 ka, 10 km3) are documented among the 
Upper Basin and Central Plateau members (Christiansen, 2001; 
Christiansen et al., 2007; Pritchard and Larson, 2012). The Tuff of 
Bluff Point was associated with the formation of the 6 × 8 km 
West Thumb caldera of Yellowstone Lake (Christiansen, 2001) 
(Fig. 1). There is no clear geochemical difference between the 
pyroclastic tuffs and coeval lavas (Christiansen, 2001; Girard and 
Stix, 2009, 2010); hence, the factors causing these eruptions to be 
explosive rather than effusive are not known. Thus, the possibility 
of future intracaldera pyroclastic eruptions should not be ruled 
out. Should an eruption occur, the abundance of lakes, snow, 
groundwater, and hydrothermal areas within the caldera increases 
the likelihood of phreatomagmatic volcanism. The faults along 
which the Central Plateau eruptive vents are located remain 
tectonically active and would likely act as pathways for magma 
ascent, should eruptible magma be generated at depth.

Northeastern Caldera

In contrast with the southwestern and central regions of the 
caldera, where hundreds of cubic kilometers of magma have been 
erupted, no volcanism has occurred in the northeastern caldera 
since 480 ka (Christiansen, 2001; Christiansen et al., 2007) (Fig. 3). 
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Nevertheless, this region is undergoing significant ground 
deformation, including rapid uplift from 2004 to 2006, 
interpreted to reflect the injection of a sill at ~10 km depth within 
the magma reservoir (Wicks et al., 2006; Chang et al., 2007, 2010; 
Smith et al., 2009) (Fig. 1). Some of the most active hydrothermal 
basins are located in this area, including the Mud Volcano area 
and the floor of Yellowstone Lake (Morgan et al., 2007, 2009). The 
largest documented hydrothermal explosion in Yellowstone, the 
Mary Bay crater, also formed in this area (Christiansen et al., 
2007; Morgan et al., 2009). Numerous tectonic earthquakes are 
observed across this region; they are mainly distributed along a 
NNW-trending lineament that (1) cuts through the Sour Creek 
resurgent dome and Yellowstone Lake; (2) lies parallel to the 
Central Plateau eruptive vent lineaments; and (3) is aligned with 
an active extra-caldera fault, the Upper Yellowstone fault (Pierce 
and Morgan, 1992; Farrell et al., 2009) (Fig. 1). The presence of 
intracaldera faults such as the Yellowstone Lake fault (Fig. 1) may 
favor rapid eruption of newly generated magma. Thus, 
resumption of volcanism in the northeastern caldera, with 
eruptions and hazards similar to those of the Central Plateau 
Member, is a reasonable scenario.

SUMMARY AND CONCLUSIONS

1.  In all investigated lavas, quartz crystals define two 
populations: unzoned crystals and zoned crystals with bright 
cores and dark rims when observed by cathodoluminescence. 
Bright cores and dark rims correlate with high Ti and low Ti 
concentrations, respectively, while the unzoned crystals have 
Ti concentrations similar to those of the zoned crystal rims. As 
lavas become younger, zoned quartz cores, zoned quartz rims, 
and unzoned crystals all exhibit progressively lower Ti 
concentrations. Geobarometry using Ti in quartz suggests 
crystallization at ~8–10 km depth.

2.  The generally rounded morphology of the quartz crystals and 
their abundant glass embayments suggest decompression, 
potentially preceded, or accompanied, by rapid heating. The 
lack of high-Ti overgrowths also suggests rapid ascent with no 
storage at shallow levels.

3.  A large crustal magma reservoir is interpreted to be present 
beneath Yellowstone caldera at between 16 and 6 km depth, 
but there is no indication that this reservoir, or parts of it, are 
currently in an eruptible state. However, rapid reheating and 
magma extraction events appear to have occurred episodically 
during times of Central Plateau magmatism.

4.  If reactivation of the current reservoir were to occur, eruptions 
would most likely be focused along the two fault lines that 
localized all Central Plateau eruptions between 174 and 70 ka 
and that continue to host intense caldera unrest (Fig. 4). A 
third parallel lineament across the northeastern caldera, while 
not hosting volcanism in the last half million years, focuses 
the most intense caldera unrest and is underlain by the magma 
reservoir (Figs. 1 and 4).

5.  Eruptions could include large rhyolitic lava flows and/or 
pyroclastic eruptions, with generally unknown precursory 
signs and emplacement mechanisms, as well as 
phreatomagmatic eruptions due to the abundance of ground- 
and surface water at Yellowstone.
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Figure 4. Map of the Yellowstone area showing our hypothesized foci of future 
volcanism in relation to the main National Park infrastructure, roads, and 
surrounding towns. The numbers 1, 2, and 3 refer to the three intracaldera 
fault-controlled lineaments as discussed in the text. See Christiansen et al. 
(2007) for a discussion of possible future extra-caldera volcanism in the Norris-
Mammoth corridor and Mirror Plateau fault zone.

Figure 3. Distribution of Yellowstone eruptions by eruptive locations, age, 
style, and volumes, using data from Christiansen (2001) and Christiansen et al. 
(2007).
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