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 Sampling, down-hole measurements and instrumentation of active faults at seismogenic 

depths throughout the world have produced significant advances in our understanding of fault 

zone evolution, structure, composition and mechanical behavior. These efforts have advanced 

our understanding of the physics of faulting and earthquake generation by addressing the 

following key questions of Earthscope, GeoPRISMS, ICDP, IODP and US Scientific Drilling: 

How do earthquakes start, propagate and arrest? How do fault zone structure and composition 

evolve over time, including during the seismic cycle? What is the absolute strength of faults? 

What are the mineralogy, deformation mechanisms and constitutive properties of fault rocks? 

What are the processes that lead to spatial and temporal variations in slip behavior, including 

the transition from creeping to locked (seismogenic) behavior? What are the physical and 

chemical processes that control faulting and earthquake recurrence? These questions are 

especially relevant for large, plate-boundary faults capable of producing damaging earthquakes. 

It is critical that future fault-zone drilling projects build off previous efforts to bridge the gaps 

that remain in our understanding of fault-slip behavior over all spatial and temporal scales.  

 In light of the above, future scientific drilling should target an accurately located, repeating 

seismogenic (nucleation) patch in a well-characterized fault system where new observations 

from recovered material, downhole measurements and monitoring can be directly compared to 

previous studies. Only by studying the composition, properties and in-situ behavior of a known 

seismic patch through multiple earthquake cycles can we begin to tie laboratory data and rupture 

dynamics models to observations of fault behavior. The SAFOD borehole (Fig 1.) provides one 

of the best opportunities to sample a repeating earthquake nucleation patch, located within an 

otherwise creeping segment of the San Andreas Fault (SAF). In this region, three repeating 

microearthquake clusters are located in the vicinity of the borehole (Fig. 1), with the Hawaii 

cluster located ~100 m beneath the main SAFOD borehole and within reach of a new, 

multilateral core hole. Although the original intent of SAFOD was to core through both the 

creeping SAF and one of these repeating microearthquakes, drilling difficulties made it possible 

to complete a core hole and set up the SAFOD observatory only in the creeping fault. The work 

completed to date has defined the geophysical and geologic conditions in the SAFOD borehole 

and surrounding region to an unprecedented extent, and through exhaustive studies of SAFOD 

downhole measurements and recovered core, led to fundamental discoveries about fault zone 

structure and evolution and the physical and chemical processes responsible for fault creep. The 

existing SAFOD borehole has also enabled near-field observations of these repeating 

microearthquakes using removable seismic instruments, which made it possible to define the 

locations and rupture properties of these events to an extent heretofore impossible.  

 In this paper, we propose that an additional multilateral borehole be drilled off the main 

SAFOD borehole to penetrate the Hawaii repeating earthquake patch. Before such a project can 

be undertaken, however, a multi-level seismic array should be installed in the current SAFOD 

borehole to total depth. This array would allow for wide-aperture observations and accurate 
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absolute location of the HI target earthquake, as needed to ensure that a new multilateral core 

hole would penetrate the seismogenic rupture patch. Sampling of fault and country rocks, 

downhole measurements and long-term fluid pressure, deformation and seismic monitoring 

within this new multilateral would provide unique information on the composition, physical 

properties and deformational behavior of a repeating earthquake patch, for direct comparison 

with similar samples and observations already obtained in the creeping SAF directly overhead. 

With the infrastructure now in place from SAFOD, we could then test numerous hypotheses 

explaining the existence of these isolated, repeating earthquakes within the San Andreas Fault 

zone. Previous studies suggest that these repeating microearthquakes may reflect variations in 

fault zone geometry/width, fault-gouge composition and/or fluid pressure. The opportunity to 

penetrate, sample and instrument a repeating earthquake-generating patch from SAFOD would 

allow us to realize one of the original goals of SAFOD and EarthScope, providing an 

unprecedented window into the SAF and enabling us to answer fundamental answers about the 

physics and chemistry of earthquake generation.    

 
References: Hickman et al., (1995), EOS 75:137; Collaborative Research: Earthscope-Acquisition, Construction, 

and Facility Management – MREFC Proposal 2003; Hickman et al., (2004), Geophys. Res. Lett. 31:L12S01; Tobin 

et al., (2006), Scientific Drilling 1:5; Walton et al., (2009) DOSECC Workshop Publication 1:35; M. Zoback et al., 

(2011), Scientific Drilling 11:14; http://www.icdp-online.org/front_content.php?idcat=310; 

http://www.geoprisms.org/deformation-geodynamics.html;  
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Figure 1 
Figure 1: Repeating earthquake clusters in the 

SAFOD target zone. (A) Three-dimensional view 

of the volume surrounding the SAFOD borehole, 

with microearthquakes shown as black dots. Axes 

are in km. (B) Location of repeating 

microearthquakes within the plane of the SAF, 

showing the borehole intersection point (asterisk). 

The three patches, SF-San Francisco, LA-Los 

Angeles and HI-Hawaii, produce regular and 

nearly identical microearthquakes (M~2) every few 

years. (C) Cross-sectional view of the same 

micorearthquake clusters looking parallel to the 

SAF. The two active fault traces that deform the 

SAFOD wellbore are the Southwest Deforming 

Zone (SDZ) and the Central Deforming Zone 

(CDZ). The HI cluster occurs on the downward 

extension of the SDZ about 100 m below the 

borehole whereas the LA and SF clusters appear to 

occur on the upward extension of the NBF. The 

SDZ and Northern Boundary Fault (NBF) mark the 

edges of the SAF damage zone (Zoback et al., 

2011). Here we suggest that that an additional 

multilateral be drilled off the main SAFOD 

borehole to allow for coring, downhole 

measurements and monitoring directly within the 

HI cluster.  
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Introduction 

A-type granites and rhyolites are commonly defined by the tectonic setting in 

which they form; they are characteristically found in “anorogenic” or “within plate” 

settings such as continental rifts, hotspots, or mantle plumes and unrelated to plate 

convergence. Other definitions focus on their distinctive compositions–their alkaline 

affinities, high temperatures, low water and oxygen fugacities, enrichments high-field 

strength elements as compared to the much more common rhyolites related to subduction 

(Bonin, 2007). Moreover, they are commonly isotopically unevolved (e.g., high εNd) and 

many have low delta 
18

O. Thus, even the definition of A-type granites is problematic and a 

few petrologists have proposed that the term should be dropped completely (e.g., Frost and 

Frost, 2011).  Given these complications, it is not surprising that the origin of A-type 

magmas is also controversial; many different theories have been proposed for their origins 

ranging from fractional crystallization of mantle-derived basalt to shallow melting of 

caldera floors. 

. The rhyolites on the track of the Yellowstone hotspot are the classic example of 

this setting and the study of surface outcrops is maturing rapidly. However, in the central 

part of the track, where silicic volcanism is most voluminous and compositionally 

distinctive, study of the magma systems has been hindered because their eruptive sources 

are buried by subsequent basaltic volcanism. The study of deep drill core is the only way 

to effectively circumvent this drawback and acquire a more complete picture of an A-type 

magma system.  

 

Major Science Issues 

Rhyolites of the Snake River Plain-Yellowstone system are distinct from “normal” 

calc-alkaline rhyolites associated with island arc systems: they were very hot (850º-

1000ºC) dry melts with low viscosity and anhydrous mineral assemblages (e.g., 

Christiansen and McCurry, 2008). They have geochemical affinities to A-type granites 

which are common in plume-related silicic provinces.  Rhyolite eruptions from the central 

Snake River Plain produced very large volume (>200 km
3
), low aspect ratio lavas, vast 

(≈1000 km
3
) intensely welded pumice-poor ignimbrites and lava-like ignimbrites, and 

regionally widespread ashfall layers with little pumice (Branney et al., 2008). Rhyolitic 

volcanism here is recognized to be an important but little understood category of silicic 

volcanism, Snake River-type volcanism, which has occurred at several times in earth 

history. In short, the rhyolites of the Snake river Plain are the youngest and best-preserved 

example of an important type of magmatism, but their eruptive centers are concealed 

beneath basalt.  

The absence of exposure of proximal deposits severely limits our understanding of the 

eruptive processes, eruptive volumes, and the nature of the source volcanoes and their 



underlying magma chambers and so the glimpses provided by drill core will be highly 
instructive. 

 Major issues include those related to A-type rhyolites and more generally to large 

silicic magmatic systems:  

1. What is the origin of the SRP rhyolites and hot, alkaline A-type rhyolites in general? 

Although fractional crystallization of plume-derived basalt is commonly used to explain 

the characteristics of A-type rhyolites, recent oxygen isotope studies (Bindeman et al 

2001; Boroughs et al 2012) have shown that low 
18

O rhyolites are common and are due to 

assimilation of hydrothermally altered rocks, which were either shallow rhyolites from 

earlier eruptive events, older altered intrusions such as the Idaho batholith, or altered 

gabbroic rocks in the midcrust.  

2. How much plume-derived mafic magma is required to produce the rhyolites and what 

does this tell us about total magma flux in the Snake River-Yellowstone plume system 

(e.g., Nash et al 2006; McCurry and Rodgers, 2009. Determining the mass transfer and 

heat budget associated with these melts will be critical to our understanding of plume-

continent interaction. 

3. What is the nature of intracaldera fill? Can the timing of caldera collapse be determined 
from core through an intracaldera deposit? 

4. What is the structure of large pre-eruptive rhyolite magma chambers? The large 

volumes of rhyolite buried beneath the Snake River Plain preserve a record of magma 

chamber processes that cannot be seen in surface exposures, such as fractional 

crystallization, magma recharge and mixing, separation of melt from mush, assimilation of 

continental crust or lithosphere, and variations in the composition of the rhyolite source 

regions. 

5. Drilling provides a unique opportunity to investigate the concealed proximal deposits 

and eruptive centers of the youngest and best-preserved example worldwide of A-type 

magma systems and of a distinctive type of silicic volcanism.  

 

Proposed Work 

With the acquisition of a 2 km deep core through thin basalt and two thick 

sequences of rhyolite at Kimberly, Idaho (Shervais et al., 2013), the time is ripe to study 

the petrology and volcanology of these A-type rhyolites and address the science issues 

listed above. These objectives can be met through detailed logging of the core, 

petrographic and mineral chemical studies coupled with major, trace element, and isotopic 

studies (O-Pb-Sr-Nd). The data thus acquired can be compared with the experimental 

investigations to determine melting and eruptive conditions and the controls of the 

evolution of volcanic systems. Geochronologic work--U-Pb zircon, 
40

Ar/
39

Ar and 

paleomagnetis--are also key to understanding the temporal evolution, correlation with 

distal volcanic deposits, importance of antecrysts, and the ages of the magma source 

materials. Ultimately, such volcanologic, geochemical, and geochronological studies will 



increase our understanding of how A-type silicic magmas form and their significance in 

the geologic record.  

The cost of such value-added studies is a small fraction of the cost of drilling, 

down hole geophysical logging, and sample curation. These expenses were covered by the 

U.S. Department of Energy, the International Continental Drilling Program, and 

collaborating universities. It is critical in cases where other agencies support drilling 

operations and core recovery that the National Science Foundation support science 

investigations of already acquired core.  
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Low-angle normal faults or detachments are widely 

regarded as playing an important role in crustal extension 

and the development of rifted continental margins 

(Manatschal et al., 2007). However, no consensus exists on 

how to resolve the mechanical paradox implied by the gentle 

dips of these faults and by the general absence of evidence 

for associated seismicity (Sibson, 1985; Wernicke, 1995; 

Axen, 2004). As part of a new initiative to rationalize geologi-

cal and geophysical evidence and our theoretical understand-

ing of how rocks deform, a group of forty-seven scientists 

and drilling experts from five countries met for four days on 

15–18 July 2008 to discuss the present status of the paradox 

and a borehole-based strategy for resolving it. The workshop 

was held at two venues in Utah (the Utah Department of 

Natural Resources in Salt Lake City, and Solitude Mountain 

Resort in the adjacent Wasatch Range), with a one-day field 

trip to the Sevier Desert basin of west-central Utah (Figs. 1, 2) 

to examine the general setting of potential drill sites and the 

footwall geology of the Sevier Desert detachment (Canyon 

Range).

Interest in the Sevier Desert detachment (Fig. 3) relates 

to its large scale, geometric simplicity, severe misorientation 

with respect to !1, comparatively shallow depth, and compel-

ling evidence for contemporary slip, as well as its accessi-

bility from more or less flat public land (Von Tish et al., 1985; 

Niemi et al., 2004; Wills et al., 2005). The fault was first 

recognized in the mid-1970s, on the basis of seismic reflec-

tion data and commercial wells, as the subsurface contact 

between Paleozoic carbonate rocks and Cenozoic basin fill 

(McDonald, 1976). It is thought by most workers to root into 

the crust to the west of the Sevier Desert, to have large offset 

(as much as 47 km; DeCelles and Coogan, 2006), and to have 

been active since the late Oligocene at or near its present dip 

of 11° (GPS data and prominent Holocene scarps on steeply 

inclined hanging-wall faults that appear to sole downward 

into the detachment; Von Tish et al., 1985; Oviatt, 1989; 

Wernicke, 1995; Niemi et al., 2004). Whether the detachment 

fault crops out today at the eastern margin of the Sevier 

Desert basin is unresolved (Otton, 1995; Wills and Anders, 

1999). No modern scarps have been observed there. Although 

no historic seismicity has been documented on the detach-

ment, its scale is consistent with earthquake magnitudes at 

least as large as Mw = 7.0 (Wernicke, 1995). It is also possible 

that slip is currently taking place by aseismic creep. While 

dozens of low-angle normal faults have been recognized, at 

numerous locations in both extensional and orogenic 

settings—and by low angle we refer to the dip of a fault today, 

not necessarily its dip when it was active—the Sevier Desert 

detachment is one of very few that is sufficiently 

well-documented, active, and accessible from the surface 

that it might reasonably yield new insights about the condi-

tions under which such faults slip.

A two-step drilling strategy emerged during workshop 

discussions. The first step (a pilot hole) is to re-enter one of 

several wells drilled by petroleum companies in the Sevier 

Desert basin (Wills et al., 2005), to deviate a few tens of 

meters above the base of the Cenozoic section, and to core 

through the detachment level to at least several tens of 

meters below the top of the Paleozoic section. Before 

embarking on a dedicated main hole, it is imperative to 

demonstrate that a fault is present (i.e., that fault rocks are 

present). The detachment interpretation, though generally 

accepted, currently depends entirely on geophysical data, 

not direct observation. It may be necessary to deviate and 

core through the detachment more than once to obtain 

definitive samples. The well provisionally selected for the 

by Nicholas Christie-Blick, Mark H. Anders, Gianreto Manatschal, 
and Brian P. Wernicke
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Figure 1. Regional physiography, seismicity, and location of the Sevier 

Desert basin in the western United States (from Simpson and Anders, 

1992). White open circles are earthquakes greater than magnitude 

6.0 from 1900 to 1975. Yellow dots are earthquakes greater than 

magnitude 2.5, occurring between 1970 and 1985. The north-trending 

band of seismicity adjacent to the Sevier Desert marks the eastern 

edge of the Basin and Range Province. Intense seismicity to the west 

and southwest, and including the western Basin and Range Province, 

corresponds with the diffuse transform plate boundary of which the 

San Andreas fault system is the most important element.
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of the Hole-in-Rock well at this latitude. The selection of a 

site 4 km or more to the west of ARCO Hole-in-Rock would 

permit the detachment fault to be penetrated within Paleozoic 

or Neoproterozoic strata west of the intersection between 

the basin’s western bounding fault and the detachment. 

The principal objective of the second hole is to establish 

an observatory at a depth and location most likely to allow 

monitoring of the full rate of extension across the Sevier 

Desert (~0.35 mm yr  -1 ; Niemi et al., 2004), and yet not so 

deep as to be prohibitively expensive. Among in situ  

measurements to be made in the vicinity of the detachment 

are the following: pore pressure, fracture permeability,  

fluid chemistry (including He), temperature, the orientation 

of stress axes, and the magnitude of differential stress. A 

borehole seismometer will be installed as 

part of a local array. A second objective of 

this main hole is to investigate the history 

of sediment accumulation and how the 

timing of basin development relates to 

exhumation of the detachment’s footwall 

(based upon already published fission-track 

data for the Canyon Range; Stockli et al., 

2001). A full suite of downhole logs 

(especially acoustic logging) will allow 

confident correlation with seismic reflec-

tion data. A byproduct of stratigraphic and 

geochronological analyses will be an 

extended lacustrine record of continental 

climate change since the late Oligocene.

A priority before any drilling is under-

taken is to acquire new seismic reflection 

data in a grid encompassing both ARCO 

Hole-in-Rock and candidate locations for  

the proposed main hole. These data will be 

essential in establishing confidence in 

three-dimensional stratigraphic and struc-

tural geometry. Other pre-drill data that  

may be particularly useful—among many 

excellent ideas raised at the workshop— 

are high-resolution seismic and GPR 

(ground-penetrating radar) data combined 

with trenching across prominent fault  

scarps, and the establishment of closely 

spaced GPS stations aimed at determining 

more precisely how contemporary exten-

sion is distributed across the Sevier 

Desert.
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pilot hole, and for technical as well as geological reasons, is 

ARCO Hole-in-Rock in the southern Sevier Desert (AHR in 

Figs. 2, 3B). The detachment is sufficiently deep at the 

Hole-in-Rock well (2774 m), and its hanging-wall offset is 

sufficiently large that fault rocks ought to be well-developed 

in both Cenozoic strata above and Paleozoic strata below. At 

the same time, the existence of late Pleistocene to Holocene 

fault scarps to the east of the well is consistent with recent 

displacement on the detachment at this location. 

The second step (main hole) is to core, log, and make 

in situ measurements at a location between a few tens of 

meters and 4 km west (downdip) of ARCO Hole-in-Rock,  

and intersecting the interpreted detachment at a depth of  

2800–3500 m (Fig. 3B). All surface scarps appear to be east 
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Figure 2. Generalized map of the Sevier Desert basin, west-central Utah, showing locations 

of wells and seismic reflection profiles (from Wills et al., 2005; see Fig. 1 for location). Wells: 

AE, Argonaut Energy Federal; AHR, ARCO Hole-in-Rock; AMF, ARCO Meadow Federal; 

APB, ARCO Pavant Butte; CA, Cominco American Federal; CBR, Chevron Black Rock;  

GG, Gulf Gronning; PH, Placid Henley; SSC, Shell Sunset Canyon. Solid, dashed, and 

dotted lines correspond with different seismic datasets. Part of Consortium for Continental 

Reflection Profiling (COCORP) Utah Line 1 (blue) is shown in Fig. 3A. A portion of Vastar 

Resources, Inc. Line V-11 (red) is shown in Fig. 3B. Thrust faults are the tightly folded Canyon 

Range thrust in the Canyon Range and the structurally lower Pavant thrust in the Pavant 

Range (teeth on upper plate). Inset map shows location relative to states in the western U.S.
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Figure 3. Examples of seismic reflection  

profiles from the Sevier Desert basin (see 

Fig. 2 for location). [A] Part of COCORP 

Utah Line 1, with interpretation of the  

Sevier Desert detachment from Von Tish et 

al. (1985). [B] A portion of Vastar Resources, 

Inc. Line V-11, with interpretation modified 

from Planke (1987). Projected wells: GG, 

Gulf Gronning; AHR, ARCO Hole-in-Rock. 

Line V-11, located ~3 km north of the 

Hole-in-Rock well, is the profile that best 

illustrates the geological structure in the 

vicinity of the well.
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A proposal to drill  active faults and magmatism in a major intracontinental fault zone, 

Mono Lake Basin, Walker Lane, Western Great Basin, USA.  

This proposal addresses process of active magmatism, faulting, and fracturing over the time frame 

of one million years in a major intracontinental fault system. 
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Introduction: The Mono Basin contains an 

exceptional record of Quaternary tectonic 

processes. The basin lies within a regional 

transtensive intra-continental fault system that (a) 

accommodates ~25% of relative Pacific-North 

American plate strike-slip motion, and (b) lies at 

the foot of one largest normal fault scarps in North 

America. Active tectonic and magmatic processes 

in the Mono Basin (Fig. 1) are linked to 

reorganization of the Pacific-North American plate 

boundary east of the San Andreas fault zone along 

the Walker Lane. The basin contains deposits of the 

0.76 million year old Bishop Tuff, one of the 

largest known eruptions in North America.  

Eruptions from the Mono Lake Islands and the 

nearby Inyo-Mono Craters are the youngest 

volcanic features in the Great Basin and the 

youngest non-arc volcanoes of the conterminous 

United States. This volcanic complex includes the 

only volcanic vents less than 1000 years old south 

of Mt Lassen and north of the Gulf of California. 

The Mono Basin is seismically active.  The largest 

historical earthquake (Ml5.7, Md5.0) occurred a 

couple kilometers northwest of Black Point at the 

north end of the Mono Basin volcanic complex.  

Larger (~M6.1 to ~7.3) post-glacial and Holocene 

earthquakes have been documented by paleoseismic 

studies near Mono Lake, and by high resolution 

seismic reflection collected from the lake.  The 

stratigraphic record of multi-facted tectonism 

within the basin extends back at least several 

hundred thousand years. 

Drilling in Mono Basin can test hypotheses for dike 

intrusion, expand upon our understanding of 

magmatic intrusive processes gained from 

Continental Drilling of the Inyo Craters in the early 

1980’s, illuminate the mechanics of major intra-

continental faulting, including low-angle normal 

faulting, and shed light on how these various 

processes interact.  

Drilling would be supported by recent geologic 

mapping and geophysical data collected by USGS 

scientists and colleagues from 2009 to 2011 

including high resolution (hr) seismic reflection, hr-

gravity and hr-magnetic data that clarify the near-

surface structure of the Mono Lake volcanic 

system, including imaging of new offshore faults 

and submerged volcanic features. The site lies near 

a region of active geothermal exploration. 

Scientific objectives and specific questions: 

Fracturing and magmatic processes can be explored 

both instantaneously and over a million-year period 

by drilling in Mono basin.  Specific questions that 

can be addressed are diverse. Are eruptions coeval 

with large local earthquakes? Do faults provide 

pathways for separately stored magmas to mix? Do 

hydrothermal systems retard melt propagation by 

chilling dikes?  What is the soft sediment response 

to active volcanism? Do magmas ascend primarily 

along pre-existing structures (e.g., faults) or are 
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magmatic conduits independent of the fault zones 

and control by the stress field? Is this region a 

discrete focus of mantle upwelling or the active 

leader of a propagating rift? Does the stress field of 

the region dominantly reflect strike-slip faulting or 

normal faulting? Much of the critical data needed to 

address these issues can only be obtained by 

drilling. 

Potential Targets: Diverse types of volcanic and 

tectonic processes could be investigated best by a 

coordinated series of drill holes.  The Mono Basin 

volcanic complex (Black Point, Mono Lake Islands 

lavas, Mono Craters, Oh Ridge volcano and 

adjacent mafic vents, Inyo Craters and adjacent late 

Holocene rhyolitic vents) contains over 40 vents 

that have erupted lavas varying compositionally 

from basalt to high-silica rhyolite (Fig. 2). The vent 

array is about 50 km long and lies east of the Sierra 

Nevada escarpment. The Inyo-Mono and Mono 

Lake volcanic chains trend nearly north-south,~15-

20
o
 oblique to the trace of the Sierra Nevada frontal 

fault zone (Figs. 2 & 3). Vents in the southern part 

of the chain were drilled in the 1980’s (ref. 1) to 

test structural models for siliceous dome 

emplacement and to illuminate magmatic processes 

associated with dike injection.  A follow-up study 

in the northern part of the Mono Craters chain can 

be optimized to test mechanical models for dike 

intrusion (see ref. 2) and dike-driven faulting.  A 

second candidate drill site near the Black Point 

volcanic center along the north shore of Mono Lake 

could probe whether the eruptive vents are along 

faults and might shed light on whether particular 

eruptions are associated with individual slip events 

along faults.  This candidate site is near two active 

basin-bounding faults, the normal-right oblique-

normal Mono Lake fault zone west of the lake and 

the left-oblique Trench Canyon fault zone (Fig. 3).  

Stress measurements from drill holes near Panum 

Crater and Black Point could characterize the stress 

field, illuminate the mechanics of the basin-

bounding faults, and clarify whether the main 

intrusions are controlled by pre-existing faults or by 

the modern stress field of the basin. Core from a 

complimentary drill hole through the deepest part 

of the basin to basement would (a) reveal the record 

of magmatic events coeval with evolution of Mono 

Basin and Long Valley caldera, and (b) permit a 

detailed characterization of the microbial and the 

paleo-biogeochemical environment of the volcanic-

lacustrine stratigraphic sections.   

Summary: Scientific objectives that can be 

pursued by drilling at this site are multidisciplinary 

and include understanding fracturing near active 

dike systems; constraining the relative timing of 

dike intrusions and fault rupture events; evaluating 

interaction of magmatic fluids and faults within a 

structural releasing bend; and documenting the 

stress field in a basin with active faults and active 

volcanoes. Likewise, identification of subsurface 

intrusions that did not erupt at the surface, 

documentation of degassing of magmas, 

temperature measurements, stress measurements, 

and documenting fractures near dikes (now covered 

by lavas) can only be done with boreholes. 

Stratigraphic findings that are unique to core 

samples can be used to develop a model for the 

interaction of faulting and dike intrusion since 

initiation of the basin ~4 Ma before present. 

Drilling in Mono Basin would constrain models for 

fluid/magmatic activity within the fault zones, 

hydrothermal processes, and magmatic linkages to 

the adjacent to Long Valley caldera and reveal the 

environmental history of one of the oldest 

tectonically active lake basins in the United States. 

The integration of research efforts would illuminate 

the processes and events within one of the most 

dynamic tectonic settings in North America.  
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Data and information management is a critical component of scientific drilling endeavors, and its 

relevance is growing due to recent developments in governmental policy for open access to research 

results
1
 as well as NSF’s major investment in cyberinfrastructure development (CIF21

2
, EarthCube

3
). 

Data management for CSD needs to support efficient and comprehensive capture of data generated in the 

field during drilling operations and subsequently in repositories and analytical labs, ensure preservation 

and broad dissemination of the data in a professional and sustainable manner, and facilitate the integration 

of CSD data into existing and merging interoperable, cross-disciplinary data networks.  

Tools are currently available for data capture and storage that constitute major improvements over the 

ad hoc procedures developed in the past for individual projects and abandoned afterward. However, the 

existing systems have tremendous deficiencies that must be addressed in order to allow the CSD 

community to reach its full potential and respond to the evolving requirements of data identification, data 

citability, metadata standards, interoperability, as well as usability, portability, flexibility, and scalability. 

The ICDP Drilling Information System provides a rigorous data storage architecture for a wide range of 

drilling projects and goals, but it requires complex installation of expensive commercial server and 

database software; it is unstable and lacks fault tolerance, particularly for the process of data input; and 

the user interface is challenging even for experienced IT personnel, and does not fit basic workflows in 

the field or lab. These impediments to routine use create a disincentive for adoption, which has led many 

CSD projects to employ ad hoc systems and to avoid the DIS except for end-of-project data storage. 

Alternative systems have been developed such as the LacCore Drill Site Database, which is 

comparatively cheap and simple to set up and requires minimal training for new users. It is well-tailored 

to the workflow of drill site data capture, core handling, and for providing continuous feedback/guidance 

to ongoing drilling operations, especially for soft-sediment/lake drilling projects. But it lacks a 

comprehensive architecture for the full range of scientific drilling projects. Several recent CSD projects 

supported by ICDP and LacCore have used the LacCore database as a data capture portal, followed by 

data migration to the DIS and LacCore curatorial database for permanent data archiving, but this is a 

cumbersome process.  

CSD has established a Drilling Informatics Committee to work with the community on planning the 

collaborative development of a modern, comprehensive data management tool based on open-source 

software, well-designed to fit workflows during drilling and in the lab, and fully interoperable with 

existing data management resources. This effort leverages past and ongoing work by Lehnert, Noren, and 

many others to establish standards and protocols for efficient data and sample management, including 

data capture, visualization, storage, retrieval, and discovery. These include registering samples with 

International Geo Sample Numbers (IGSNs) for persistent and unique identification that allows linking 

sample data across systems and throughout the life cycle of data generated from those samples; 

visualization with the CoreWall Suite (Correlator, Corelyzer, CoreRef, PSICAT) and other applications; 

curation with the Digital Environment for Sample Curation (DESC), an emerging shared 

cyberinfrastructure for sample curation; linking with suitable data collections hosted by IEDA (Integrated 

Earth Data Applications) and others; and utilizing appropriate World Data Center archives for long-term 

data stewardship. ICDP will continue to be a partner throughout the development process, building on the 

collaboration that has already yielded standards for data exchange and refinement of existing systems. 

The committee will remain highly involved with the NSF EarthCube initiative to ensure that new 

resources are fully compatible with the large data integration apparatus now in the initial design phase. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1
 http://www.whitehouse.gov/sites/default/files/microsites/ostp/ostp_public_access_memo_2013.pdf 

2
 http://www.nsf.gov/funding/pgm_summ.jsp?pims_id=504730 

3
 http://www.nsf.gov/funding/pgm_summ.jsp?pims_id=504780 
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Mechanics of Normal Fault Systems 

Stephen J. Martel 

Dept. of Geology & Geophysics, University of Hawaii 

 

Stresses within the Earth control faulting and fracturing at the surface and in the subsurface.  The 

direct and indirect results have broad scientific relevance and practical impact. The total stress field 

in tectonically active regions tends to be complex though, reflecting both the ambient regional stress 

field that drives regional deformation and local stress perturbations caused by faulting, jointing, and 

dike intrusion. A dedicated characterization of the stress field through deep drilling has the potential 

to yield new insights into both the ambient regional stress fields as well as the local perturbations 

associated with major geologic structures. Most scientific drilling projects to date, however, have 

focused on matters other than the stress state.  The few scientific drilling projects that have focused 

on stress measurements (e.g., KTB, SAFOD, Olkiluoto) have targeted settings favoring strike-slip 

and/or thrust faulting.  Normal fault systems, the systems most intimately associated with volcanism 

and geothermal fields, have been largely unexplored. Enhanced understanding of these systems has 

practical benefits for areas ranging from hazard mitigation to hydrology to energy resource recovery.  

An understanding of the mechanics of these systems, which commonly is counter-intuitive, can help 

unite geologic and geophysical data, bridge the gap between observations of the surface and the 

subsurface, and provide a data base to test theoretical models of the state of stress in the crust. 

Four immediate technical questions could be addressed by thoroughly investigating an area 

containing normal faults.  These are: 

1 What is the state of stress? 

2 How does it vary? 

3 How sensitive is the total stress state likely to be to perturbations caused by faulting? 

4 How do measurements compare to model predictions? 

The mechanical effects of normal faulting near the surface are reasonably well constrained. 

Normal faulting causes the surface of the hanging wall to be flexed concave up and the footwall to be 

flexed concave down. As a result, the horizontal stresses are expected to be compressive at the 

surface of the hanging wall, and tensile at the surface of the footwall (Fig. 1). The predicted 

magnitude of the near-surface elastic stresses is sufficient to cause widespread fracturing of different 

styles on the opposing walls of the fault. 

 

Figure 1. (a) Geometry of a frictionless planar 

model normal fault that dips 70° and extends to 

10 km depth in an elastic half-space. The surface 

is at y = 0. The ambient stresses are taken as 

σ
yy
= ρgy and σ

xx
= σ

yy
3 , where 

ρ = 2700 kg m
3

. The red box shows the area of 

Fig. 2.  (b) Theoretical plane strain horizontal 

stresses at the surface after faulting. Tensile 

stresses (positive) dominate the hangingwall, and 

compressive stresses (negative) dominate the 

footwall.  Prior to faulting, the horizontal stresses 

at the surface equal zero. 

The subsurface stress field near a normal fault is likely to be complicated, even for a simple fault 

geometry. For example, in the model of Fig. 2, contours of the horizontal stress field were horizontal 

before faulting, but not after faulting (Fig. 2a). Contours of the vertical stress field also were 

horizontal before faulting; they are little changed after faulting near the surface but are substantially 

altered near the fault on the footwall at depth (Fig. 2b). The trajectories normal to the most tensile 
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stress were everywhere vertical before faulting, but after faulting they locally are rotated by 90° to 

horizontal on the footwall (Fig. 2c). Under the stress field of Fig. 2, vertical (or subvertical) fractures 

would be expected on the hanging wall, whereas near the surface of the footwall, subhorizontal 

sheeting joints would be expected. These different fracture orientations would likely result in 

different hydrologic behaviors on the opposing walls of the faults, as well as different behaviors of 

subsequent igneous sheet intrusions: dikes would be more likely to erupt on the hanging wall than the 

footwall. The orientations of hydraulic fractures on the opposing walls also would be likely to vary. 

 

 
 

Figure 2.  Theoretical two-dimensional total stress fields (plane strain) in the upper 5 km after slip on 

the model fault of Fig. 1.  (a) Horizontal stress.  (b) Vertical stress.  (c) Trajectories normal to the 

most tensile stress (proxies for the orientation of opening mode fractures).  Trajectories at the surface 

to the right of the fault are horizontal. 

Figures 1 and 2 show a simple idealized case with a single planar normal fault, but real normal 

fault systems typically involve grabens, horsts, and/or subparallel faults. The stress fields in real 

settings thus are likely to be more complicated than Figs. 1 and 2 indicate, but if the major faults can 

be identified, the stress field could still be modeled. 

In contrast to the drilling project at SAFOD, a drilling project to investigate the stress field 

around a normal fault would best be served by a combination of holes that are distant from the 

targeted fault(s) as well as near the faults.  Distant holes would be most likely to capture the ambient 

stress field. Holes near the fault(s) would be best positioned to capture the stress perturbation 

associated with faulting. 

A simple normal fault system would be best to target to effectively gauge its stress field.  

Normal fault systems by their nature tend to be complicated though, so even a simple system is likely 

to contain a variety of challenging scientific opportunities. For example, in many places normal 

faults are associated with hydrothermal or geothermal activity. In addition, in many places lavas are 

associated with normal faults. A drilling project in such a location might be able to address a 

“chicken-and-egg problem”: do the faults exploit feeder dikes, or do the feeder dikes exploit faults? 

Many places in the Basin and Range could provide suitable sites for a continental drilling 

campaign that targets the stress fields associated with normal faults. The east side of the Sierra 

Nevada is particularly well-suited on technical grounds because several stress measurements to 

depths of ~200m have been made in the Sierra Nevada. These measurements consistently show 

horizontal compressive stresses of 4-13 MPa near the surface, consistent with model predictions of 

normal faulting and the requirements for sheeting joints (“exfoliation joints”). Steeply-dipping joints 

are exposed on the footwall in several places, again consistent with the model predictions. The region 

also hosts operating geothermal plants (e.g., Coso, Mammoth Pacific, Steamboat Springs) and is a 

site of continuing geothermal exploration. 
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Project Summary  

SINOOK will drill the caldera of Okmok volcano, Alaska (Figure 1), and collect core and fluid samples, temperature 

measurements, and borehole stress measurements to a depth of 4 kilometers. Ideally, the sampling will penetrate the 

transition zone between the country rock and the magma chamber and culminate with direct sampling of quenched magma. 

This assemblage of in situ information will provide unprecedented constraints for interdisciplinary models of deformation, 

stress, geothermal systems, eruption history, and caldera formation for this active volcano. SINOOK will address an array 

of important scientific questions for the specific example of Okmok volcano and have far-reaching interdisciplinary 

implications.  

 

Scientific Questions addressed by SINOOK: 

1. How reliable are estimates and uncertainties for internal processes and structures of volcanoes, determined from 

geophysical surface observations? SINOOK will verify geophysical models determined from seismic tomography, 

reflection, and anisotropy; gravity; and geodesy. For example, are the in situ or laboratory based rock properties 

(collected by SINOOK) within uncertainties of surface-based geophysical models? Results will have important 

implications for the reliability of geophysical models for Okmok volcano and elsewhere, as well as influence the 

justification and scope of major geophysical data collection initiatives for other volcanoes. 

2. What is the magma migration and storage and eruption style in space and time? What are the systematic and 

asystematic aspects of eruption cycles? Results and implications may be transferrable to the general understanding 

of other volcanoes in island arc settings. 

3. What is the basic structure of the magma chamber? Is it a single finite chamber, an assembly of dike and sill 

structures, or a multiphasic mush zone? The answer to this question has important implications for magma migration 

and storage, as well as understanding the conditions that lead to specific eruption styles. 

4. What is the rheologic structure of the transition zone separating the magma chamber from the country rock? Results 

that combine in situ observations and laboratory experiments will have implications for understanding the magma 

replenishment, as determined from geodetic data. 

5. What are the characteristics and interactions of the shallow groundwater and deeper hydrothermal systems? How do 

these fluid systems influence the eruption style? The 2008 hydrovolcanic eruption was very different from the 

effusive 1997 eruption, even though both eruptions tapped the same magma source. The answers to these questions 

have important implications for understanding the evolution of eruption styles for other volcanoes, as well as for 

unraveling the complexity volcanic geothermal systems. 

6. How does dike propagation couple to the local stress field and loading in the complex domain of a caldera? Results 

have strong implications for geothermal and hydrocarbon production, as well as nuclear waste disposal strategies, 

and are thus aligned with Energy and Economic interests. 

7. How do eruption cycles integrate with ecological and local societal systems? Eruption cycles present examples of 

stress and recovery episodes with relevance to interdisciplinary ecological, societal, and economic systems. 

8. What are the long-range ash plume or climate impacts? Determining the frequency, scale, and style of eruptions will 

have important implications for major civilian and military air traffic corridors that intersect Aleutian airspace. 

 

Although scientific drilling of Okmok’s caldera is the kernel of SINOOK, the project will include both pre- and post-

drilling components that span field, laboratory, remote sensing, and computational activities. While these activities are 

dominated by geologic and geophysical studies, the scientific questions above demonstrate great potential for 

interdisciplinary studies that naturally integrate Earth science with ecology, cultural studies, economics, and energy 

interests. 

Pre-drilling geophysical surveys (e.g., gravity, MT, EM, and seismic) will sharpen our understanding of the caldera’s 

interior and provide guidance for drilling operations. Furthermore, these high resolution 3D models, developed using state-

of-the-art geophysical instruments and methods, will be confronted with in situ observations in verification analyses. 

Auxiliary boreholes will be drilled to collect complementary information before, during, and after the main drilling 

operation. Downhole geophysical instruments will be deployed in the main borehole to collect geophysical information that 

will leverage co-drilling measurements and provide a basis for future complementary studies of this dynamic volcano.  
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Okmok Volcano: An ideal target 

Okmok volcano is readily accessed from the deep sea port of Dutch 

Harbor (Figure 1) by boat, helicopter, and amphibious aircraft. The land 

is privately owned and operated as a cattle ranch, and the owners have 

been receptive to research activities. The ranch house has long provided 

lodging for scientists and helicopter pilots. Drilling would entail shipping 

equipment to the range dock, and then airlifting a short distance by 

helicopter to the center of the caldera. There is abundant water within the 

caldera to support drilling. Existing entities, such as DOSECC, have 

ample expertise and appropriate equipment for this kind of operation. 

Okmok is representative of an array of caldera systems (e.g., 

Ksudach, Aniakchak, Aso, and Santorini) characteristic of island arcs. 

These volcanoes are characterized by the sudden appearance of 

voluminous silicic magma after a protracted period of mafic volcanism. 

The paroxysmal eruptions are usually strongly and discontinuously 

chemically zoned, followed by a return to small-volume mafic eruptions, 

and then may repeat this cycle after a few thousand years. The apparently 

rapid generation of highly explosive silicic magma in a predominantly 

mafic arc environment is both a petrologic puzzle and an important 

disaster risk that will be addressed by SINOOK’s probing of Okmok’s 

thermal regime.  

Okmok volcano is one of the largest and best studied volcanic shields of the Aleutian arc. A central caldera, having a 

radius of 5 km, dominates the physiography of Okmok. The existing caldera is the result of two separate caldera-forming 

eruptions having ages of 12,000 and 2,050 years b.p. [Finney et al., 2008; Larsen et al., 2007]. Post-caldera eruptions are 

effusive or phreatomagmatic and basaltic to andesitic [Burgisser, 2005]. The most recent eruption in 2008 originated from 

several new vents surrounding Cone D near the eastern rim of the caldera, while the three previous eruptions in 1945, 1958, 

and 1997 originated from Cone A near the southwest rim of the caldera [Larsen et al., 2009]. Geochemical analyses of 

erupted materials are consistent with primitive magma from depth and brief storage in shallow reservoirs [Finney et al., 

2008]. Over the past decade, Okmok was instrumented with GPS instruments [Fournier et al., 2009; Miyagi et al., 2004] 

and seismic networks [Caplan-Auerbach et al., 2003; Haney, 2010; Johnson et al., 2010; Masterlark et al., 2010]. Okmok 

also hosts a site of the Aleutian infrasound array [Arnoult et al., 2010]. Remote sensing data remain essential for monitoring 

Okmok [Dehn et al., 2000; Lu, 2007; Lu et al., 2003; Patrick et al., 2004] and future satellite radar imagery will be 

available from a successful proposal to JAXA 4
th

 ALOS Research Program for ALOS-2. Okmok is an excellent target for 

this project because of its location, activity, and internal structure. Okmok is well instrumented and has been well studied 

from a variety of perspectives that used different type of geologic, geophysical, and remote sensing data. SINOOK will 

provide opportunities to discriminate among different conceptual configurations of Okmok’s interior (Figure 2). 

The assumed treatment of Okmok’s weak shallow caldera materials strongly influences interpretations of Okmok’s 

magmatic system, based on analyses of observed deformation (InSAR and GPS). For example, standard elastic half-space 

(EHS) analyses predict a magma chamber depth of 3 km, whereas models that account for weak caldera materials predict 

that the magma chamber is significantly deeper (~4 km) [Masterlark, 2007; Masterlark et al., 2012]. Furthermore, contrasts 

in material properties between the weak shallow caldera versus stiff subcaldera regions fundamentally influence dike 

propagation that transports eruption materials from the magma chamber at depth to the surface of the volcano [Masterlark 

et al., 2010]. These prediction differences are substantial and have important implications for our understanding of 

Okmok’s magmatic system. Available seismic tomography models provide constraints on the distribution of material 

properties in the shallow caldera [Masterlark et al., 2010; Ohlendorf, 2010] and observed VLP tremors [Haney, 2010] 

constrain active magma migration in space and time. SINOOK will provide a rare opportunity to verify these tomographic 

models and interpretations of seismic data. Therefore, SINOOK presents an avenue to advance our fundamental 

understanding of magma migration and storage within active volcanoes. No fewer than 12 publications describe 

investigations of geodetic data to estimate the characteristics of Okmok’s subcaldera magmatic plumbing structure 

associated with the 1997 and 2008 eruptions, as well as various pre-, post-, and inter-eruption intervals [Biggs et al., 2010; 

Masterlark et al., 2012 (and references therein)]. All of these studies suggest the observed deformation is caused by magma 

migration and storage into (or out of) an isometric magma chamber that is somewhat stationary in space and time. However 

the specific characteristics of this geodetically-determined source vary considerably, as demonstrated for the case of 

Okmok’s 1997 eruption: 

• shallow chamber embedded in an EHS domain [Lu et al., 2005, 2000; Masterlark, 2007; Masterlark et al., 2012] 

• shallow chamber + sill embedded in an EHS domain [Mann et al., 2002]  

 

Figure 1. Target: Okmok Volcano, Alaska. 

Okmok occupies the northeast lobe of Umnak 

Island. White box in inset denotes the 

regional location of Okmok.  



SINOOK   
 

_________________________________________________________________________________________________________ 

NSF Workshop: Drilling active tectonics and magmatism Park City, UT • May 28-30, 2013 3

• deep chamber embedded in a heterogeneous elastic domain [Masterlark, 2007; Masterlark et al., 2012] 

• deep chamber embedded in a heterogeneous viscoelastic domain [Masterlark et al., 2010] 

Additional proposed deformation sources include viscoelastic or poroelastic deformation of the caldera substrate caused by 

gravitational loading by the lava field [Lu et al., 2005]. All of the preceding deformation mechanisms can be cast as formal 

competing hypotheses and tested with data collected by SINOOK. Such analyses can identify the most likely model, or 

refine the range of plausible models of Okmok’s interior. Calibrated deformation models can predict the internal stress field 

of Okmok and account for characteristics of dike propagation that transport eruption materials from the magma chamber to 

the land surface. The presence of weak caldera materials accounts for co-eruption magma migration (diking) from the 

caldera-centered magma chamber to extrusion points near the caldera rim [Masterlark et al., 2010]. However, it is unclear 

why extrusion shifted from Cone A (near the southwest rim of the caldera) during the 1997 basaltic eruption to Cone D 

(east rim of the caldera) during the 2008 basaltic/andesitic hydrovolcanic eruption. Changes in the deformation pattern after 

the 2008 eruption suggest that this eruption has altered the subsurface magma storage and plumbing system beneath the 

volcano; the post-eruption inflation seems to have occurred at a shallower depth than the post-1997 inflation. In situ stress 

measurements will help solve this puzzle. Likewise, an understanding of the characteristics and interactions of the shallow 

groundwater and deeper hydrothermal systems will reveal why the 2008 hydrovolcanic eruption style was very different 

from the effusive 1997 eruption, even though both eruptions presumably tapped the same magma source. While SINOOK 

will allow us to verify geodetic methods and provide a basis for understanding the volcanic system specifically for Okmok, 

 
Figure 2. The interior of Okmok Volcano, Alaska. (a) Study site. Okmok occupies the northeast lobe of Umnak Island. 

See Figure 1 for regional location. (b) Standard elastic half-space (EHS) model (e.g., Mogi [1958]). (c) ANT images the 

internal structure of Okmok [Masterlark et al., 2010]. (d) Interpretation based on InSAR and EHS models [Mann et al., 

2002]. (e) Interpretation based on GPS and EHS models [Fournier et al., 2009]. (f) Conceptual deformation model 

accounting for caldera structure [Masterlark, 2007]. (g) Tomography results converted into a distribution of elastic 

material properties in a deformation model (FEM) domain [Masterlark et al., 2012].  
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the results will have important implications for analyses of geophysical data that seek to estimate the characteristics of 

magma migration and storage for active volcanoes worldwide. 

 

Broader Impacts and Initiatives 

Seismic tomography, gravity, and EM methods are regularly employed to image subsurface structure using inverse methods 

and observations of the respective geophysical fields at the Earth’s surface. These inverse methods provide models having 

precisely defined quantitative estimates, uncertainties, and resolution of internal structures (e.g., Aster et al., 2005). 

Likewise, surface geophysical observations (e.g., deformation and gravity) are routinely analyzed using inverse methods to 

define internal processes, such as magma migration and fault slip distributions for earthquakes at depth. SINOOK provides 

rare and precious opportunities to verify (ground-truth) these geophysical models of subsurface structure and processes for 

the case of Okmok . These tests of routinely employed geophysical methods will have far-reaching implications for the 

geophysical community. 

Dike propagation in the presence of a complex distribution of stress, fluid pressure, and material properties is 

precisely analogous to fracture propagation studies for geothermal, hydrocarbon, and nuclear waste interests. As such, 

studies of dike propagation in Okmok’s caldera, as constrained by in situ stress measurements and material property 

characterizations, will have important implications for energy-related initiatives, as well as for dike propagation within 

volcanoes elsewhere. Similarly, hydrologic investigations of Okmok’s shallow groundwater and deep geothermal systems 

will provide results that cut across scientific and energy interests.   

The geophysical analyses of deformation and stress discussed above can be thought of as physical impulse-response 

experiments. By simulating the impulse and comparing predictions to the observed response, we can infer the internal 

structure and processes within the volcano. We can develop interdisciplinary collaborations that use the same principles to 

study ecological and cultural impacts of volcanic activity revealed by the drilling. One can envision studies of stress 

(volcanic eruption) and the time-dependent recovery (societal and ecological response). Such studies could integrate nearby 

Native American communities (e.g., Nikolski, Figure 1), or alternatively investigate stress and recovery of the large-scale 

economic fishery operations served by Dutch Harbor (Figure 1), which leads the nation in terms of amounts of fish landed 

[www.noaa.gov].  

SINOOK spans many important scientific and societal interests and, therefore, has the potential to tap an array of 

funding sources. Individual elements of the project are aligned with standard topical NSF programs (e.g., EAR 

Geophysics). However, the interdisciplinary scope of the project lends itself to cross-cutting NSF programs. For example, 

Okmok is located in a research corridor of the NSF GeoPRISMS Aleutians Primary Site. Alternatively, the interdisciplinary 

nature of SINOOK is well aligned with the objectives of NSF FESD. Additionally, the anticipated computational 

requirements for modeling and analyses of SINOOK data could serve as the basis for an NSF Geoinformatics initiative. 

Remote sensing data, such as InSAR imagery, continue to play a key role in understanding Okmok volcano (Figure 2). 

Thus SINOOK may be of interest to ongoing or future missions sponsored by NASA, JAXA, or ESA. The energy analogies 

may provide opportunities to engage the interest and support of private industry, as well as the Departments of Energy and 

Defense. Potential ecological (e.g., fishery) aspects of the project may be of interest to NOAA. Finally, the project may 

integrate with the interests and evolution of the local Native American community of Nikolski (Figure 1). For example, 

what are the modern socio-economic impacts of the episodic eruptions? What are the archeological impacts? Could 

SINOOK lead to geothermal energy resources for the region? 
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Introduction 

 

Rifting is one of the fundamental tectonic processes on Earth, leading to formation of ocean basins and 

oceanic crust. Normal faults develop as a consequence of rifting in continental crust and provide important 

controls on sedimentary basin development and oil and gas migration/sequestration. Normal faults are usually 

associated with high heat flow and magmatism and serve as conduits for hydrothermal systems and ore-

bearing fluids.  In active tectonic settings, normal faults pose earthquake hazards.  Rift-related normal faults 

are thus important fault systems to understand because of their broad relevance to our societal and economic 

well-being. 

 

Understanding the deep-seated processes that drive seismogenic active faults in continental settings is viewed 

as a top scientific challenge in the earth sciences (e.g. Handy et al., 2007) but also a difficult one because of the 

minimum 5-10 km depth to the seismogenic base of the elastic crust.  For reasons discussed below, normal 

fault systems in the Basin and Range province of the western U.S. are unusual and provide ready access to 

detailed scientific investigations of the paleo seismogenic base of the crust and the processes that occur 

beneath this zone. Targeted shallow continental drilling of normal fault systems in well-studied areas can 

provide outstanding data sets that cannot be collected in another fashion—data sets that will greatly improve 

our knowledge and understanding of the mechanics of fault systems, their accompanying thermal regimes and 

how deformation is coupled between the deep and shallow crust. In particular, the Basin and Range province 

of the western U. S. provides a world-renown natural laboratory for the study of extensional fault systems and 

is the birthplace for models of normal faults used world-wide for the exploration of natural resources. Given 

these facts, it is surprising that the scientific community holds such disparate views regarding the geometries, 

evolution, thermal histories and driving mechanisms of extensional fault systems. The broader, overarching 

aspects of continental extension also remain highly controversial—these include the primary driving 

processes for continental rifting and their relationship to earlier crustal thickening and to magmatic 

activity.  

 

Significant advances have been made in terms of our fundamental understanding of rift processes along 

oceanic spreading ridges in the deep ocean (e.g. John and Cheadle, 2010; Whitney et al., 2013), despite 

their inaccessibility and the high costs involved. Given the comparative ease of study and opportunities 

presented by extensional fault systems in continental settings, we lag behind in the sense that fewer 

resources have been devoted to similar studies in the continents, despite their societal importance and 

their controversial nature. Continental drilling of specific sites in the Basin and Range would bring together a 

broad and diverse set of geoscientists to tackle these outstanding problems and place us in a position to write 

future textbook chapters on the myriad of structures developed in continental extensional settings, their origin 

and evolution with respect to deformation in the deeper crust, their thermal histories, and the role they play in 

the location of natural resources and earthquake hazards. 

 

This short discussion and a description of one, of many, potential study sites is inspired by the potential 

use of continental scientific drilling as both a means of investigation and a science-based approach that 

could be superbly utilized in the Great Basin region of the western U.S.  Here, a variety of shallow 

drilling targets have the possibility of providing ground-breaking information on the thermal and 

mechanical aspects of normal fault systems at depth and how deep and shallow crustal deformation 
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histories are linked and evolved across paleo seismogenic zones, information not available to us by any 

other means of study. In sum, there are compelling intellectual and opportunistic reasons to include the 

potential study of these fault systems within any U.S. or international-based continental scientific drilling 

program because of how much they can ultimately tell us about how continental crust deforms. 

 

What makes the Basin and Range province unique for the study of continental fault systems? 

 

The Basin and Range Province is a unique region to study fault systems and especially normal fault 

systems because the rifting process has not gone to completion and the region still resides above sea level.  

Here, magmatism played a role both early, during and late in the extensional history of the crust, leading 

to an inferred high degree of mobility and flow of the deeper crust during parts of this history (e.g. Gans, 

1987; Block and Royden, 1990; Buck, 1991; McKenzie et al., 2000; Whitney et al., 2013). Although 

crustal flow is broadly recognized as taking place in a wide variety of continental tectonic settings, it’s 

role in the generation and uplift of extensional fault systems is far less appreciated and only locally 

documented in a quantitative fashion. In contrast with the end stages of rifting which lead to continental 

separation and passive margin development, earlier stages of continental rifting can be accompanied by 

significant flow of crust at depth (generally into more extended regions) which produces differential 

vertical uplift of normal fault systems (Fig. 1). Across a given region, both the upper and the deeper levels 

of normal fault systems, including their ductile underpinnings, are either exposed at the surface or are 

predicted to lie in the shallow subsurface (Fig. 1).  Similarly, normal fault-bound sedimentary basins are 

often structurally inverted by continued extension, their vertical component of uplift related to differential 

flow of the crust at greater depth. Detailed geologic mapping and cross-section-based structural and 

coupled metamorphic and thermochronologic studies help constrain relative vertical components of uplift, 

temperature gradients in the crust and outline many potentially excellent sites where relatively shallow 

drilling of fault systems would help us truly understand their genesis and their linkages to ductile 

processes at depth. This broader understanding of extensional fault systems in turn provides greater 

insight into the thermo-mechanical evolution of the elastico-frictional to viscous transition zone in 

continental crust and how processes and interactions across this zone might generate earthquakes, dictate 

hydrothermal circulation, mineralization and the formation and subsidence history of extensional 

sedimentary basins. 

 

Proposed Drilling  

 

A potential drill site, the problems to be addressed, and a possible team of diverse investigators are described 

below, with focus on the most problematic class of normal faults, low-angle detachment faults associated with 

“extreme” ductile deformation of footwall rocks in metamorphic core complexes.  

 

Low-angle extensional detachment faults were first mapped and defined in Cordilleran metamorphic core 

complexes (e.g. Coney, 1980) and their origin and mechanism(s) of formation continue to remain 

controversial. These faults were initially explained as large offset (~50 km+) normal faults that originated at 

low angles and cut to deep levels of the crust to the mantle, a model launched with the Snake Range 

metamorphic core complex as its type example (Wernicke, 1981). Since then, the low angle normal fault 

concept has been widely applied to extensional provinces worldwide. Other workers initially interpreted 

metamorphic core complex detachment faults as exhumed in-situ ductile-brittle transition zones (or top of 

ductile channel flow) in the crust, representing high local extension but much less offset (e.g. Rehrig and 

Reynolds, 1980; Gans and Miller, 1983; Miller et al. 1983, 1988). More than twenty years after these 

initial interpretations, a wide spectrum of views still exist on their formation, ranging from low-angle 

normal faults (e.g. Howard, 2003, for the Ruby Mountains core complex), “rolling hinge” faults (Buck, 

1988; Lee, 1995 for Snake Range) to diapirically-driven, partial melt-laced gneiss domes (e.g. Whitney et 

al., 2004; Rey et al., 2009; Whitney et al., 2013).  
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From a historical perspective, the original proposed low-angle extensional detachment fault model 

centered on the geometry and kinematics of these fault systems, but not on the actual processes and  

 
 

conditions (e.g. heat flow, rheology, melt, magnitude and rates of extension, and degree of coupling 

between upper and lower crust) that drive the development of these faults.  More recent thermal-
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mechanical models of continental crust show that variable thermal regimes and rates and magnitude of 

extension result in different upper plate, detachment fault, and lower plate geometries in terms of styles of 

deformation, kinematic, and thermal histories (e.g. Tirel et al., 2008; Rey et al., 2009a, b; Allken et al., 

2011; Whitney et al., 2013). These models address mainly the wholesale deformation or flow of the 

ductile crust but provide a set of predictions that are testable in several regions using a combination of 

existing data and new data from proposed drill holes that can provide a 4D perspective on the evolution of 

fault related deformation, strain rates, and both the kinematic and thermal evolution of the detachment 

fault systems. 

 

 
 

Proposed Drill Site—The Northern Snake Range:  The Snake Range metamorphic core complex, in the 

northern Basin and Range province (Figs. 2 and 3), is arguably the best mapped core complex with the 

greatest amount of exposure of both upper plate (brittle) and lower plate (ductile) rocks. The two are 

separated by an impressive domed detachment fault, the northern Snake Range decóllement (NSRD), 

exposed along the entire length and width of the range (Gans et al., 1999a, b; Lee et al., 1999a, b, c; 

Miller et al., 1999; Miller and Gans, 1999) (Figs. 3 and 4). Many important controversies regarding this 

and other core complexes could be solved by a single shallow drill hole which would provide the data 

with which to understand the nature and movement history of these faults, the thermal regime during 

development of these faults, document strain rates, and improve our fundamental understanding of the 

linkages between deep and supracrustal deformation, thus addressing the ultimate origin and genesis of 

these enigmatic extensional structures. 

 

The northern Snake Range metamorphic core complex is located in east-central Nevada where up to 14 

km of continental shelf sediments, consisting of a Late Precambrian to Lower Cambrian sandstone and 

shale sequence overlain by a Middle Cambrian to Permian predominantly carbonate sequence were 
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deposited (Fig. 2) (Stewart and Poole, 1974; Hose and Blake, 1976; Gans and Miller, 1983; Rodgers, 

1987). In the northern Snake Range, three metamorphic events are recorded in the upper Precambrian and 

lower Paleozoic sedimentary rocks exposed in the lower plate of the NSRD. The first event was a contact 

metamorphic episode associated with a mid-Jurassic plutonic complex (Miller et al., 1988). The second 

metamorphic and deformational event occurred during the Late Cretaceous and affected a broad portion 

of the lower plate (Miller et al., 1988; Lewis et al., 1999; Cooper et al., 2010). Along the eastern flank of 

the range, a series of mineral-in isograds in upper Precambrian pelitic units trend east-west suggesting an 

increase in metamorphic grade both northward and with depth (Geving, 1987; Huggins, 1990). 

Quantitative thermobarometry indicate pressures of 6-8 kbar (23-30 km) and temperatures of 500-650°C 

and no burial gradient eastward on the east side of the range (Lewis et al., 1999; Cooper et al., 2010). 

U/Pb geochronology on metamorphic monazites and zircons yielded metamorphic ages ~78-82 Ma for 

this event (Huggins and Wright, 1989; Cooper et al., 2010).  

 

 
 

The third event was characterized by lower to upper greenschist facies metamorphism of Tertiary age that 

affected much of the lower plate and retrogressed older Late Cretaceous metamorphic assemblages. This 

metamorphic event was accompanied by ductile thinning and stretching of lower plate units, resulting in a 

subhorizontal, bedding parallel foliation and WNW-ESE trending mineral elongation lineation. 

Mesoscopic structures and finite strain measurements indicate a dramatic west-to-east increase in strain 

from a low on the west of 6:1 (X:Z) to a high on the east of 100:1 (X:Z); on average lower plate rocks 

were plastically extended ~300% (Miller et al., 1983; Lee et al., 1987) (Fig. 4). Quartz microstructures 

and quartz lattice preferred orientations (LPOs), along with finite strain measurements and mesoscopic 

structures, document a ductile extensional strain history of early coaxial strain that was overprinted by 

deformation with an eastward increasing component of top-to-the-east noncoaxial strain (Lee et al., 1987; 

Gebelin et al, 2011) (Fig. 4). Quartz LPOs and quartz microstructures suggest that metamorphic grade 

associated with the mylonitic fabric increases both with depth (400-500°C to 500-600°C, suggesting a 

collapsed metamorphic field gradient in the lower plate of 100-200°C/km) and across the range parallel to 
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the stretching direction (from ~350°C in the low strain west side of the range to ~550°C in the high strain 

east side of the range) (Fig. 4). 

 

Published potassium feldspar, mica 
40

Ar/
39

Ar, and apatite fission track thermochronology data suggest 

that mylonitic deformation in the lower plate is bracketed between ~37 and 21 Ma, and that cooling and 

exhumation of lower plate rocks, and normal slip along the NSRD began as early as 48 Ma and continued 

episodically with an important component of cooling and inferred exhumation of the fault system at ~17 

Ma (Lee & Sutter, 1991; Lee, 1995; Miller et al., 1999; Gebelin et al, 2011).  

 

 
 

Based on stratigraphic considerations alone, the Snake Range metamorphic core complex represents a 

minimum of 10-15 km of differential uplift of footwall rocks with respect to rock strata in adjacent ranges 

(Fig. 2). In contrast, quantitative geobarometry place lower plate rocks of the Snake Range at 23-30 km 

depth in the Late Cretaceous (Lewis et al, 1999; Cooper et al., 2010) requiring major Late Cretaceous 

structures that duplicated the crust. Furthermore, the quantitative thermobarometry implies a relatively 

cool geothermal gradient of 15-20°C/km (Fig. 5). This subdued geothermal gradient is approximately half 

as high as estimated for east-central Nevada based on conodont alteration index values from supracrustal 

rocks and on geochronology and mineral assemblages from metamorphic rocks (~35°C/km; Gans et al., 

1987; Miller et al., 1988) (Fig. 5). These two models for the Late Cretaceous geotherm make distinct 

predictions as to the minimum depth of partial melting in the crust at that time. If Late Cretaceous 

magmatism was a product of crustal anatexis only (tested in deep crust section), model geotherms may be 

extrapolated towards a zone of partial melting (red stars, Fig. 5). The cold geotherm required by 

quantitative P-T determinations predicts partial melting to occur at great depth (>7-10 kbar, >28 km, 

dependent on H2O activity), whereas the hot geotherm inferred by field observations predicts melting 

shallower in the crust (<5 kbar, <18 km; Fig. 5). 
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Site characterization: The mouth of Hendry’s Creek in the northern Snake Range (Fig. 3) offers 

accessibility and ease of drilling through a highly attenuated section of the lower plate. The amount of 

attenuation of units together with existing thermochronology of lower plate units and the implied paleo-

thermal gradient suggests that drilling to depths of less than a km can answer the following general 

questions about metamorphic core complex detachment faults and specific aspects of this particular fault 

system and core complex.   

 

Characterizing the 4D Mechanics and Architecture of Normal Fault Systems and Metamorphic 

Core Complex Detachment Faults 

General questions related to normal fault systems and metamorphic core complexes: 

• What changes in stress, mechanical properties, and slip processes occur along normal faults from the 

surface to the ductile-brittle transition? 

• How do the mantle, lower crust, and upper crust interact, via the physio-chemical properties of fault 

system conduits/barriers and crustal flow/channel flow to transfer mass, fluids, and heat? 

 

Specific questions related to core complex detachment faults: 

• What are the physical conditions, such as fracturing, permeability, pore pressure, fluid chemistry, 

temperature and temperature gradients, during brittle slip along detachment faults? How do these 

conditions contribute to the formation and slip history along these faults? 

• What are the physical-chemical conditions, such as thermal history, stress, finite strain, fluid flow, 

and kinematics of mineral plasticity, during ductile extensional deformation of lower plate rocks? Are 

the ductilely thinned and stretched rocks a zone of finite width or the top of channel flow in the deep 

crust? 

• What is the exact timing of ductile deformation and how is this linked to exhumation histories? For 

instance, how does the timing of deformation at deeper levels of the crust compare to the timing of 

brittle motion or slip along detachment fault? Are they temporally distinct, or do they represent a 

progression and over what kind of time-span?  

• How does the thermal structure of the crust and/or rates of extension control the formation, evolution, 

and slip history along detachment faults? 

 

Specific questions related to the northern Snake Range metamorphic core complex (also relevant to other 

regions because the Snake Range embodies most of the contentious questions about core complexes): 

1. Is the NSRD a low-angle fault capping a finite thickness of mylonites that, in turn, overlies a rigid 

footwall beneath? Or does it define the top of a ductile-brittle transition zone (DBTZ) or top of 

channel flow in the crust? Current exposure of the lower plate is insufficient to definitively say 

there is a bottom to the mylonites, but at deepest exposed levels, quartzites are inferred to be 

deforming by intra-crystalline and grain boundary mechanisms that indicate temperatures of 

~550°C and suggest a condensed metamorphic field gradient in the lower plate of ~100-

200°C/km. A relatively shallow drill hole should either access rocks that were hotter (or even 

partial melt-bearing) that are equally deformed or penetrate through the mylonites into a semi-

rigid footwall.  

 

2. What are the temperature gradients in the crust during formation of this low-angle detachment 

fault and its associated mylonites? This is probably the most important question that can be 

directly addressed by drilling as it provides the additional depth-related temperature data to 

couple with that known from existing exposures (above). Documenting the thermal history is also 

important to testing predictions of thermal-mechanical models which show that different thermal 

regimes yield different styles of detachment fault systems (e.g. Rey et al., 2009a, b).  

 

3.  The age of the extensive and spectacular mylonites developed in the northern Snake Range are 

controversial as they are not directly dated (cf. Lee & Sutter, 1991; Lee, 1995; Gebelin et al, 
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2011). Complexity is added to the question of their age by geobarometric studies that suggest 

rocks beneath the northern Snake Range detachment resided at ~28 km depths in the Late 

Cretaceous, requiring both 10-20 km of burial and subsequent uplift of rocks between the Late 

Cretaceous and Tertiary, leading to the suggestion that the mapped ductile attenuation fabrics 

may be partially Mesozoic (e.g. Cooper et al., 2010; Lewis et al., 1999). Both the temperature 

gradient and geochronology/thermochronology of appropriate minerals with depth by drilling can 

help provide definitive answers to these questions. Characterizing the thermal gradient in 

metamorphic core complexes is also important for understanding the forces that drive extension. 

Low geothermal gradients lead to a stronger lower crust coupled to the upper crust and mantle; 

high geothermal gradients imply a weak lower crust.  The former might imply that plate boundary 

conditions might drive extension and the latter might imply that gravitational potential energy is 

important in driving extension (e.g. Whitney et al., 2013).  

 

4. Is the Snake Range a gravitationally and diapirically driven feature or gneiss dome? Given the 

temperature gradient documented in lower plate rocks, will drilling encounter evidence for the 

presence of magmatic rocks at shallow depths beneath the structural levels that are currently 

exposed and thus provide an argument for the rise of low-density partial-melt laced rocks or 

granitoids? Is there an increase in metamorphic grade based on mineral isograds and if so what 

age are they?  If evidence for magmatism is found, does it facilitate extension (by weakening the 

crust via a reduction in viscosity and through strain localization) or result from extension 

(isothermal decompression leading to development of melts)? (e.g. Rey et al., 2009a, b) 

 

Advantages of the Snake Range 

1) Extensive detailed geologic map database. 

2) Excellent exposure of upper plate (brittle) and lower plate (ductile) rocks, the detachment fault, 

and a well-known stratigraphy with well-documented unit thicknesses. 

3) Detailed structural and kinematic data on the lower plate ductile deformation and upper plate 

brittle normal faulting. 

4) Detailed thermochronology data set—tantalizing to complete with shallow drilling. 

5) Geobarometry 

6) Easy access for drilling (flagstone quarries are present). 

 

Example of a Potential Team of scientists (in progress) 

 

Elizabeth Miller, Stanford University—Regional Tectonics 

Jeffrey Lee, Central Washington University—Lower plate ductile strain and kinematics 

Brad Hacker, UC Santa Barbara— Lower plate ductile strain and kinematics 

Marty Grove, Stanford University—Ar/Ar thermochronology 

Trevor Dumitru, Stanford University (AFTA thermochronology) 

Jeremy Hourigan, UC Santa Cruz—(U-Th)/He thermochronology 

Roger Buck ? (geophysics and modeling) 

Barbara John and Mike Cheadle ( oceanic core complex expertise ) 
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Large Igneous Provinces (LIPs) and the IODP Connection 

Clive R. Neal. Dept. of Civil & Env. Eng. & Earth Sciences, University of Notre Dame, Notre 

Dame, IN 46635 (neal.1@nd.edu). 

 

LIPs represent magmatism on an unprecedented scale that is difficult to explain by conventional 

plate tectonic theory [1]. LIPs include flood basalt provinces and volcanic chains, and occur in 

ocean basins and on continents. Scientific ocean drilling has expanded our understanding of 

these enigmatic features through exploration of oceanic flood basalt provinces (oceanic plateaus) 

and volcanic chains as these, unlike their continental equivalents, do not exhibit crustal 

contamination (Fig 1). However, the drawback to drilling ocean LIPs is that the thickness often 

exceeds several 10s of kilometers (e.g., [2] and after drilling through up to 1 km of sediments, 

penetration into igneous basement rarely exceeds 200 meters. As shown by the Snake River 

Plain and Hawaiian Scientific Drilling Project, much greater penetration depths into igneous 

rocks are possible on land because of the more stable drilling conditions and, if money is 

available, a longer drilling schedule is possible.  

SCIENTIFIC OCEAN DRILLING & LIPs. 

During 2007, the Large Igneous Province (LIP) community met in Coleraine, Northern Ireland to 

discuss how scientific ocean drilling could advance our understanding of the origin, evolution 

and environmental impact of these magmatic constructs. Four of the key findings of this 

workshop were that ocean drilling could: 1) advance our understanding of the mode(s) of 

eruption during LIP formation; 2) better define the duration of LIP volcanism; 3) examine LIP 

source variability over time; and 4) establish relationships between oceanic LIPs, Oceanic 

Anoxic Events (OAEs), and other major environmental changes [4]. A combination of oceanic 

and continental drilling would be a logical way to establish a comprehensive program to better 

understand flood basalts, their relationship to long-lived volcanic chains [5], and address the four 

key findings of the Coleraine workshop. Examination of Figure 1 shows there are several 

!

Fig. 1: World “LIP” map. Red = flood basalts, blue = long-lived volcanic chains. From [3]. Green 

arrows = LIPs drilled by DSDP/ODP/IODP. Light red arrows = potential IODP expeditions. 
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examples of LIPs with subaerial and submarine portions that could facilitate a combined drilling 

approach. The LIPs emphasized in this white paper are the Deccan Traps, Ontong Java Plateau, 

and Parana-Etendeka.  

Deccan Traps (Fig. 2): The Deccan volcanism is 

commonly attributed to the upwelling of a deep 

mantle plume beneath the northerly drifting Indian 

subcontinent in the late Cretaceous (e.g., [5,6]). The 

time progressive chain of volcanic ridges including 

the Laccadives–Maldives–Chagos ridges and 

Mascarene plateau in the Indian Ocean are believed 

to represent the hotspot track linking the Deccan 

Traps to the Reunion hotspot [7]. Onshore drilling 

through the lava pile could recover the initial flows of 

Deccan volcanism and yield a definitive starting age 

and minimum duration of flood volcanism. 

Continuous recovery of the stratigraphic section 

down the drill hole will allow an assessment of 

source variability during flood volcanism. Combined 

with basement recovery by IODP drilling along the 

Laccadives–Maldives–Chagos ridges (basement on 

the Mascarene Plateau was recovered by ODP Leg 

115; [8]). ODP Sites 713 (40 m basement, Chagos Ridge) and 715 (76 m basement, Maldives 

Ridge) of Leg 116 are the only samples available from the linear chain extending from the 

Deccan Traps to the Reunion hotspot. Target basement drilling will address the outstanding LIP 

issues 1-3 from Neal et al. [4], and recovery of syn-Deccan Trap sediments offshore will address 

issue 4. 

Ontong Java Plateau (Fig. 3): This has been 

drilled by DSDP Leg 30 (only a few meters of 

basement were recovered from Site 289) and ODP 

Legs 130 & 192. Fieldwork on subariel obducted 

OJP basement in the Solomon Islands [9-11] has 

allowed the top 3.5 km of igneous basement to be 

analyzed. Results from drilling and fieldwork have 

allowed more targeted drilling to be considered, 

such as using erosional and structural features to 

recover a much deeper section of this >30 km thick 

edifice [2] and recovery of syn-OJP sediments to 

study environmental effects. Onshore drilling on 

Ontong Java Atoll would allow investigation of the 

relationship of the enigmatic seamounts to the OJP. 

In addition, recovery of coralline sediments above 

the seamount basement would yield a host of 

paleoclimate and environmental data since the 

seamount formed. 

Parana-Etendeka (Fig 4): During the opening of the Atlantic, the Parana-Etendeka flood basalt 

province formed, with a distinct aseismic ridge leading to hotspots Tristan da Cunhar and Gough 

Fig. 2: Deccan Traps-Reunion hotspot. 

!
Fig. 3: Ontong Java Plateau drill site and 

location map. 
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(Fig. 4). The aseismic ridge is divided into the Walvis Ridge closest to Namibia and the Guyot 

Province closest to the hotpots; the 

Guyots have been visited by several 

dredging expeditions to recover igneous 

basement to age data the various 

volcanoes. Targeted onshore drilling 

through (or at least deep into) the 

Etendeka lava pile coupled with 

offshore drilling on the Walvis Ridge 

will allow LIP issues 1-3 [4] to be 

addressed.  It is unlikely that syn-LIP 

sediments will be available for this 

particular LIP. 

 

SYNOPSIS 

A long term, comprehensive drilling 

strategy to investigate different LIPs is 

required to address the origin, evolution, and environmental impact of these massive magmatic 

events. Can one model explain all LIPs? Are LIPs the cause of or a product from continental 

break-up? Do LIPs facilitate mass extinctions? These are a few of the many questions that can be 

addressed by targeted onshore-offshore drilling projects. In addition, the continual recycling of 

the Earth’s surface by plate tectonics makes this planet unique in the Solar System. Volcanism 

on Venus, Mars, and the Moon (and possibly Mercury) occurred on one-plate planets, most 

commonly through hotspots and LIP formation. Understanding how LIPs form and evolve on 

Earth will facilitate comparative planetology opportunities to better understand how the 

terrestrial planets have evolved.  
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Drilling Investigations on the Mechanics of Faults; Downhole measurements to detect 

time variation of in-situ stress  
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Fault zone drilling provides valuable insights to understand the dynamics, physical property, and 

structure of active faults. Especially, downhole test in borehole is the only way to estimate in situ stress 

magnitudes in the crust. Recently, in-situ measurements of stress magnitude and orientation by 

hydraulic fracturing and/or borehole breakout method were applied in deep boreholes in and around 

fault zones not only on land (Ikeda et al., 2001; Hickman and Zoback, 2004; Lin et al., 2007; Kuwahara 

et al., 2012; Yabe and Omura, 2011 ) but also on sea floor (Ito et al., 2013; Lin et al., 2013). The 

variation of stress state in and around different faults may reflect different stages in the earthquake 

preparing process during the earthquake recurrence cycle. How the fault strength recovers and how the 

recovery is extrapolated to the next earthquake are important issues for understanding earthquake 

recurrence cycle, and the stress state of a fault may be an important factor for forecasting a future 

earthquake. 

 

For example, Nojima fault, south-west Japan, that slipped at the 1995 Kobe-Awaji Earthquake was 

drilled just after the earthquake (1 year latter). We got much of valuable results on stress state, material 

distribution, physical properties, e.t.c., as well as results based on seismic and geomagnetic survey and 

field observations. Post-slip in-situ stress measurement indicates the orientation of maximum horizontal 

stress is nearly perpendicular to the strike of the Nojima fault. It was interpreted that the strength on the 

fault became weak due to fracture on the fault.  

 

While, the case of Gofukuji fault, central Japan, the orientation of the maximum horizontal principal 

stress adjacent to (about 300 m distance) the fault was oblique to the fault trace and the magnitude is 

equivalent to the stiff rock frictional strength (Yabe and Omura, 2011). The Headquarters for 

Earthquake Research Promotion, Japan evaluated the Gofukuji fault has not activated for time longer 

than the mean earthquake recurrence interval (http://www.jishin.go.jp/main/index-e.html (in Japanese)). 

The Gofukuji fault may be so strong to sustain shear stress on the fault after a long time since the last 

earthquake. The findings on the stress states suggest that the strength of fault recovered to as hard as 

the host rock surrounding the fault from the weak strength just after the earthquake, and that the 

orientation and magnitude of the stress near the fault changes during the inter-seismic period of the 

earthquake recurrence cycle. 

 

To explore the time variation of stress state, installing the observation station in the borehole and 

monitoring the state of fault is a direst method. In addition, we suggest drilling and in-situ stress 

measurement in the fault that once we have drilled at the same site are another direst method. Nojima 

fault may be one of good targets. Some seismological investigation, S-wave splitting and focal 

mechanism of aftershocks, indicate the change of stress direction: from perpendicular to oblique to the 

strike of Nojima fault during several years after the earthquake. It is expected to detect the change of 

stress state after 20 year since the last earthquake. Other possibility is to measure in-situ stress in and 

around different faults. Those faults may be in different stages during the earthquake recurrence cycle. 

It is probable that stress states of different faults reflect different level of the strength recovery and 

stress accumulation on the fault plane. 
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To assess seismic hazards associated with plate boundaries, we need to understand not 

only the rapid moment release during earthquakes but also the gradual release that occurs 

during slow slip events. Subduction zone thrust faults slip at a range of rates and styles, 

from completely aseismic to seismic (Peng and Gomberg, 2010) with significant 

consequences for the relationship between seismic hazard and accumulated tectonic 

moment (or stored elastic strain energy) release.  Understanding the physical mechanisms 

accommodating this variation in style is needed for broader mechanical models of 

subduction zone processes that must include realistic constitutive laws for subduction 

zone materials (e.g. Tan et al., 2012). Peridotite and its retrograde derivative serpentine 

are significant components to many subduction zones (e.g. Park et al., 2004). Peridotite is 

mechanically strong, but undergoes significant weakening with as little as 10% 

serpentinization (Escartín et al., 2001). Serpentinite can be velocity strengthening 

promoting aseismic slip or velocity weakening with the potential for seismic slip, 

depending on the slip rate, temperature, and pressure (e.g., Reinen et al., 1991; Moore et 

al., 1997; Chernak and Hirth, 2010; Takahashi et al., 2011).  

 

Prior to the 2011 Tohoku-Oki earthquake, it was commonly assumed that the seismic and 

aseismic portions of the fault were distinctly different types of fault segments. However, 

during this earthquake, the largest slip was accumulated in the creeping area. Thus 

conditions for seismic slip may be imposed on otherwise aseismic serpentine-bearing 

parts of faults by rupture propagation from adjacent areas (e.g. Noda and Lapusta, 2013), 

and that faults containing these materials may then accommodate large slip due to their 

frictional weakness (e.g. Faulkner et al., 2011; Kohli et al., 2011). Consequently even the 

shallowest parts of subduction thrust faults, which have traditionally been thought to be 

barriers to earthquake rupture (Lay and Bilek, 2007) play an important mechanical role in 

the rupture process. These shallow regions are accessible via scientific drilling (e.g. 

Chester et al., 2012).  

 

The study of exhumed material yields insight into the physical processes influencing 

subduction zone mechanics. The use of numerical models developed from this insight 

and that obtained through laboratory experiments is a critical step since it provides key 

information on how the various slip modes modify the timing and magnitude of potential 

future earthquakes along the plate margin (e.g., Noda and Lapusta, 2012). 

 

To interpret past behavior of subduction zones from exhumed material, and to determine 

likely future behavior, we need to be able to link mechanical behavior to material and its 

microstructure (cf. Ikari et al., 2011). Peridotite and serpentine microstructures formed 

during laboratory experiments yield important information of the processes and 



mechanisms that operate during slip (e.g. Chernak and Hirth, 2010, Reinen 2000). 

However laboratory experiments are not able to access the full range of conditions (e.g., 

strain rate, scale) at which natural deformation occurs in these materials. Thus, we 

propose to examine material that is currently being deformed in a rather unique natural 

setting, where we can link the microstructural record of recovered materials to its 

mechanical behavior through a number of geophysical datasets. 

 

The Puysegur trench, SE of New Zealand (Fig. 1) is an active subduction zone with very 

recent seismological record of fairly large (e.g. Mw7.8 in 2009; Beavan et al., 2010) 

events. Bathymetric data suggest that very young (>12Ma) oceanic lithsophere between 

the Macquarie and Resolution Ridges is presently being subducted into the Puysegur 

trench (Lamarche et al., 1997; Fig. 2). Sediment input to this subduction zone is low, and 

the only subaerial exposure of this ridge complex (Macquarie Island; e.g. Rivizzigno and 

Karson, 2004) is composed of peridotite thus the subducting material is likely also 

dominated by ultramafics, making this a good candidate for study. We already have some 

good paleoseismic records (e.g. Barnes, 2009; Howarth et al., 2012; Berryman et al., 

2012) and there are numerous onland and offshore opportunities to obtain more (e.g. 

Otago University has an active program to study seismite deposits and date organic 

material in cores from the Fiords). Moves are already afoot within the context of the 

GeoPRISMS program to obtain a better understanding of the current and recent inputs to 

the subduction system through dredging, and to perform geophysical transects across the 

zone, to collect seismic reflection and magnetic/magnetotelluric data. We propose to 

build on results of that research and enhance its impact by drilling into the subduction 

thrust zone to recover material affected by rupture propagation during the recent 

earthquakes. Thus we will be able to link the observed seismogenic behaviour to the 

composition and microstructures of materials within the subduction thrust. 
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Fig. 1 (left): Topographic map of New Zealand and the surrounding oceans, illustrating 

the Pacific-Australian plate boundary. Puysegur Trench is at lower left. 

 

Fig. 2 (right): Bathymetric maps from Lamarche et al. (1997) illustrating the abyssal hill 

morphology of the subducting oceanic crust between the Macquarie and Resolution 

Ridges. Inset shows a stylized representation of major tectonic components of the area. 

 



Mauna Loa: Drilling the Other Side of the Hawaiian Plume

J. Michael Rhodes (University Massachusetts), Frank A. Trusdell (Hawaii Volcano Observatory,

U.S.G.S.), Michael O. Garcia (University of Hawaii).

A major impediment to understanding the long-term magmatic history of Hawaiian volcanoes,

and consequent constraints on the structure and composition of the Hawaiian mantle plume, is a

lack of stratigraphic sections to provide a more complete record of the 800 to 1500 ka of volcano

growth [Garcia et al., 1995].  Sub-aerial sections of Hawaiian volcanoes reveal only a small

fraction (5 - 10%) of this history and are biased towards the late stages of volcano growth.  Deep

drilling is the only solution.

The Hawaii Scientific Drilling Project (HSDP) made a significant advance towards addressing

this problem by drilling on the eastern flank of Mauna Kea volcano [Stolper et al., 2009].  This

international, multi-disciplinary study documented around 450 ka (~200 - 650 ka) of Mauna

Kea’s magmatic history. Major results include:-

1.  Information on the internal structure and growth of a large oceanic volcano over a

significant portion of its life history.

2. Change in magma production from a vigorous submarine shield-building stage, followed

by a marked decline in magma production as the volcano reached its post-shield stage. 

3. Diversity of magma compositions erupted during the shield building stage

4 Geochemical and isotopic diversity in the lavas requiring complex source heterogeneity

in the plume. 

These results have significantly contributed to recent discussions on the nature and structure of

the Hawaiian mantle plume [Farnetani and Hofmann, 2010, 2012] and the relative roles of

peridotite and pyroxenite as a source of plume-related magmas [Jackson et al., 2012].  Current

drilling (funded by the US army; current depth of 1500 m) on the Humuula Saddle between

Mauna Loa and Mauna Kea should provide even more detailed records and insights into the

growth of Mauna Kea, including endogenous growth, subsidence, explosive volcanism and heat

flow.  Of particular importance will be lava accumulation rates as a guide to melting in the plume

during the transition from shield-building to post-shield magmatism, as Mauna Kea moved away

from the axis of the Hawaiian plume.

Why Drill Mauna Loa?

Mauna Loa, the world’s largest active volcano, is an appropriate target in its own right.  There

are other compelling reasons.  The strategy behind the Hawaii Scientific Drilling Project was

premised on the concept of a plume that was radially zoned, both thermally and compositionally

[DePaolo and Stolper, 1996].  It was assumed that, as the Pacific Plate moves over the stationary

Hawaiian plume, a volcano should sample magmas produced in different thermal regimes and

from varying plume source components during its long-term magmatic history.  However, a

major result of recent Hawaiian studies is the resurrection of the concept of an asymmetrical

plume in which volcanoes along two en-echelon trends exhibit distinct major element and

1



isotopic compositions [Abouchami et al., 2005; Weis et al., 2011].  This asymmetry in plume

source components is attributed to heterogeneities in the lowermost mantle [Weis et al., 2011;

Farnetani et al., 2012].  In addition to HSDP, previous work on Hawaiian shield volcano

sequences has focused on the Kea side of these trends (e.g. HSDP; Haleakala, Ren et al. 2009;

Kilauea, Marske et al. 2008).  By contrast, the Loa side has not been as well studied. 

In contrast with Kea trend volcanoes,

Loa trend volcanoes have major

element and isotopic characteristics

that are attributed to a greater

contribution of re-cycled crustal

material.  A related, unresolved and

contentious, problem is whether Loa

magmas result from melting this

crustal material, present as discrete

lithological domains

(pyroxenite/eclogite) within the

plume, or whether they reflect

melting of peridotite fertilized by

pyroxenite/eclogite melts [Jackson et

al., 2012].  In order to understand

volcano growth, melt production and

the identity, composition and

lithology of plume components it will

therefore be necessary to drill a Loa-trend volcano to obtain comparable information obtained by

the HSDP for Mauna Kea, a Kea trend volcano.

Mauna Loa is the obvious candidate because a great deal more is known of its recent history (<

120 ka) and also of its earlier (600 - 400 ka) submarine growth than other Loa trend volcanoes

[Rhodes, submitted].  Consequently, more informed questions can be raised and solved through

drilling.  For example, Ar/ Ar dating of lavas from Mauna Loa’s submarine SW rift [Jicha et39 40

al., 2012] show that the lavas are over 2 ka older than predicted by Hawaiian volcano growth

models [Depaolo and Stolper, 1996; DePaolo et al., 2001].  Clearly, Hawaiian volcano growth

models need revising in the light of the new data.  Additionally, lava accumulation declined

dramatically from 18-20 mm/yr to 1-2 mm/yr around 300-400 ka.  Does this mean Mauna Loa

entered its post-shield stage at this time and has limped along ever since, or did volcano growth

shift to other parts of the edifice, or has magma production waxed and waned?  Recovery and

dating of core between 30 and 300 ka will answer these, and many more, questions.  For

example, recurring themes at the recent (2012) AGU Chapman conference on Hawaiian

volcanism were: how limited our knowledge of the interiors of volcanoes is; how volcanoes

grow; the role of explosive volcanism in Hawaiian volcanoes; how magma production in the

plume relates to volcano growth; and the importance of this information for understanding the

Fig.  1  Numerical simulation of Hawaiian plume

asymmetry [Farnetani et al., 2012].
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nature of mantle plumes and how they work.  Further drilling on Hawaii on the Loa side of the

plume, will contribute enormously to our understanding of these questions.

Potential Drilling Locations. 

1. The Pahala Region on the southern flank of the volcano.  The advantage to this region is

that it is moderately developed, so finding an acceptable drill site should not be difficult. 

It is blanketed by the Pahala Ash (~ 30 ka) and drilling could start in old lavas.  The

distinct advantage is that it is located in hazard zone 6, a “lava shadow” area, protected by

topography from SW rift zone flows [Lipman et al., 1990].  Therefore, although the

record will be punctuated and incomplete, lavas from the critical time period (100 - 300

ka) could be obtained immediately and only a moderate depth hole is needed (~1 km).

2. The Honamalino Area on the SW flank.  Although starting in younger lavas (historic to ~

4 ka), we are more likely to get a more complete section, especially over the critical

interval 36 - 400 ka where data are currently extremely sparse.  An added bonus would be

that it should be possible to identify and date the disconformity between pre-South Kona

landslide lavas and lavas that subsequently filled the amphitheater left by this giant

landslide, thereby providing the timing of this momentous event.  Current thinking places

it around 100 -200 ka. 

Figure 2 Potential Mauna Loa drill sites (shown as blue

stars).
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Direct Observation of a Subduction Zone Mantle Wedge 
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Introduction  

The question of geochemical flux in the mantle wedge during subduction is critical to our 

understanding of arc volcanism, and forms an important aspect of the global geochemical flux. 

Quoting from the MARGINS program announcement: “At convergent margins, raw materials… are 

fed into the "subduction factory" where many processes… under changing physical and chemical 

conditions shape the final products… with significant environmental consequences. In practice, it has 

been difficult to investigate processes and estimate fluxes through the "factory" owing to poor 

constraints on the volumes of magmas, fluids, and volatiles produced.”  

These processes may be observed indirectly in active subduction systems by measuring inputs and 

outputs – the approach followed in the first MARGINS program – but this approach does not permit 

direct observation of dynamic processes within the mantle wedge source of arc magmas. Direct 

observation of mantle wedge peridotites is possible, however, by studying outcrops of mantle 

peridotite that underlie supra-subduction zone (SSZ) ophiolites. This mantle reflects the processes 

that have affected it through time, including melt extraction, fluid phase enrichment, and melt 

refertilization, which have been frozen in place by cooling and emplacement. It also preserves 

structural and microstructural processes that reflect deformation, alteration, and metamorphism of 

the mantle wedge at different stages in its evolution.  

A primary advantage of this approach is the fact that large tracts of supra-subduction peridotite 

are commonly exposed at the base of many SSZ ophiolites, allowing us to examine their petrology, 

geochemistry, and structure directly and on larger length scales than is currently possible in any 

active system (e.g., Kelemen et al 1997; Batanova and Sobolev 2000; Bizimis et al 2000; Barth et al 

2005; Batanova et al 2008; Choi et al 2008a, 2008b).  

The Josephine ophiolite preserves the largest exposed tract of mantle peridotite in North America, 

and represents the fore-arc of a paleo-Cascadia subduction zone. It is one of the best places in the 

world to study chemical flux, structure, and subduction zone processes in a sub-arc mantle wedge. 

Microstructures and macrostructures that document deformation processes the mantle wedge are 

also well preserved, along with alteration and mineralization that document low to intermediate 

temperature metamorphism within the mantle wedge. Major questions we will pose include the 

cumulative extent of melt extraction and the nature of the melt extracted, the nature and extent of 

mantle-melt interactions subsequent to melt extraction (e.g., addition of melt from deeper in the 

asthenosphere), and the nature, source, and extent of fluid flux to SSZ peridotites. A primary goal is 

to constrain the nature and extent of these fluxes, as documented by whole-rock major oxide and 

trace element analyses, by mineral analyses using electron microprobe and laser ablation ICP-MS 

techniques, and by isotopic analyses of ultra-pure, hand-picked mineral separates.  
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Forearc Peridotites and the Mantle Wedge   

Peridotites associated with oceanic crust provide important information on the process of melt 

generation, fluid phase enrichment, and mantle-melt interactions subsequent to melt extraction (e.g., 

Dick and Bullen 1984; Dick and Fisher 1984; Dick 1989; Elthon 1992; Menzies et al 1993; Pearce and 

Parkinson 1993; Arai 1994; Pearce et al 2000; Seyler et al 2001; Hellebrand et al 2002). Abyssal 

peridotites recovered largely by dredge hauls have been studied extensively (op. cit.) and this 

important work forms the basis of comparison by which we may study peridotites that form above 

subduction zones.  

Fore-arc peridotites are more difficult to obtain than abyssal peridotites and have been studied in 

much less detail; they also tend to be highly serpentinized (e.g., Parkinson et al 1992; Ishii et al 1992; 

Fryer 1992; Arai 1994; Parkinson and Pearce 1998; Fryer et al 2000; Pearce et al 2000; Widom et al 

2003). Nonetheless, these samples provide our best indication of the composition of the mantle 

wedge above subduction zones. It is generally agreed that this wedge represents normal MORB-

source asthenosphere that has been modified by fluids and melts derived from the subducting slab 

(Pearce and Parkinson 1993; Pearce et al 1995). 

Fore-arc peridotites are characterized by spinels with much higher Cr#s, which range from around 

38 to over 80, indicating significantly higher fractions of partial melting compared to abyssal 

peridotites (Ishii et al 1992; Arai 1994; Gaetani and Grove 1998). High fractions of partial melting are 

confirmed by whole rock incompatible trace element concentrations, which are strongly depleted 

when compared to abyssal peridotites (Parkinson et al 1992; Parkinson and Pearce 1998; Pearce et al 

2000). Ion probe analyses of relict Cpx in other SSZ ophiolites show that they are more depleted than 

abyssal Cpx in the heavy REE, but have been re-enriched in the LREE and other incompatible elements 

as a result of metasomatism by subduction zone fluids (Bizimis et al 2000; Takazawa et al 2003). 

Hydrous melting not only promotes higher fractions of melt production, but also changes mineral-

melt partitioning (Ayers et al 1997; Ayers 1998; Gaetani and Grove 1998; Gaetani et al 2003).  

 

Chemical and Isotopic Composition of Supra-Subduction Mantle  

Determining the composition of hydrous fluids that metasomatize the mantle wedge during 

subduction has long been an important goal of those studying island arc volcanism (e.g., Arculus and 

Powell 1986; Tatsumi et al 1986; Tera et al 1986). Fluid-mobile elements, such as B, Li, Pb, Rb, Sr, and 

Ba, can be used to constrain the composition and flux of these hydrous fluids – derived from the 

down-going slab – which interact with the mantle wedge during melting (e.g., Ayers 1998; Ionov et al 

2002; Bebout et al 2007; Pelletier et al 2008). Inverting the compositions of relict pyroxenes in 

equilibrium with this slab-derived fluid can be carried out if partition coefficients are known for these 

elements, and for the less mobile elements, in response to hydrous melting (e.g., Ayers et al 1997; 

McDade et al 2003; Ottolini et al 2009).  
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Josephine ophiolite as paleo-Cascadia Forearc  

The Josephine ophiolite encompasses large swaths of the Klamath Mountains in NW California 

and SW Oregon (Fig 2). The crustal section of this ophiolite has been studied extensively by Greg 

Harper and colleagues (Harper 1984; 2003a, 2003b), who document a complete ophiolite crustal 

section overlain by a thin, siliceous volcano-pelagic sequence and turbidites of the Galice formation. 

Harper and co-workers interpret the Josephine ophiolite as back-arc basin crust, based on the 

observed rock associations, and on its position west of the Chetco arc complex (Harper 1984, 2003a, 

2003b). It formed during a subduction cycle that preceeded the current Cascadia subduction zone, 

but which has been continuous since at least the Triassic.  

The Josephine peridotite forms the base of the ophiolite. This 800+ km2 alpine-peridotite consists 

of harzburgite with less common dunite, wehrlite, pyroxenite, and chromitite (podiform chromite 

deposits) that represent the residues of partial melting and magmatic deposits from this magma 

(Himmelberg and Loney, 1973;  Loney and Himmelberg, 1976; Dick, 1977a, b; Kelemen et al., 1992; 

Kelemen and Dick 1995). Dick, 1976, 1977b, showed that dunite “dikes” and layers in the Josephine 

peridotite represent melt flow channels where pyroxene was dissolved and olivine precipitated at 

relatively low pressures in the mantle, presumably in response to upwelling at an oceanic spreading 

center (Kelemen et al., 1992; Kelemen and Dick 1995). Work on the Vulcan Peak harzburgite by 

Himmelberg and Loney (1973) and Loney and Himmelberg (1976) document extremely depleted 

compositions in pyroxene and spinel that are consistent with hydrous melting of a suprasubduction 

ophiolite (Dick & Bullen, 1984).  

The Josephine peridotite represents one of the largest and best exposed tracts of mantle peridotite 

in North America. The extensive vertical relief (over 1000 m) provides exposure in a third dimension 

that is not found in many other massif peridotites.   

 

 
 

 

Figure 1. Geologic map of Josephine ophiolite, 

based on mapping of Harper (1980, 1984, 

1988, 1990-94) and Yoshinobu (1996-1999). 

www.depts.ttu.edu/gesc/Fac_pages/ 
Yoshinobu/Josephine/JOSLocation.html 
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Drilling to Sample the Mantle Wedge  

Drilling the Josephine peridotite has several advantages over normal field based studies. First, it 

provides fresh, unweathered peridotite suitable for high precision analysis of critical trace elments 

and volatiles.  Moreover it will recover a continuous vertical sample through a long section of nearly 

pristine mantle ending in the recovery of the intact basal thrust on which it was emplaced.  This will 

permit direct assessment of melt flow through the peridotite in the melting regime at varying levels, 

and the subsequent effects and pattern of fluid flow from along the thrust contact during 

emplacement to shallow crustal levels.  At the present time there is no other way that the variations 

in mantle chemistry with depth can be reliably examined due to discontinuous nature and spacing of 

outcrops at peridotite massifs.  These samples will be especially valuable if oriented  core is taken so 

that fully oriented structural and microstructural studies can be carried out. Another advantage is 

that drilling will allow in situ testing of mantle rock properties, e.g., seismic velocity studies by vertical 

seismic profiles, or by testing between offset holes at appropriate spacing.  Drilling will also allow 

comparison between an exposed analogue site and active subduction systems, for which direct 

sampling is not possible.  

 

References  

Arculus, R. J., Powell, R., 1986, Source component mixing in the regions of arc magma generation. J. Geophys. Res, 91, 5913-

5926. 

Ayers, JC, 1998, Trace element modeling of aqueous fluid-peridotite interaction in the mantle wedge of subduction zones, 

Contrib Mineral Petrol, v132: 390-404. 

Barth, M.G., et al., The Othris Ophiolite, Greece:  A snapshot of subduction initiation at a mid-ocean ridge:  Lithos (2007), 

doi:10.1016/j.lithos.2007.06.018 

Barth, M.G., Mason, P.R.D., Davies, G.R., Dijkstra, A.H., Drury, M.R., 2003, Geochemistry of the Othris Ophiolite, Greece:  

evidence for refertilization? Journal of Petrology, v. 44, pp. 1759–1785. 

Batanova, V. G., Suhr, G., and Sobolev, A. V., 1998, Origin of geochemical heterogeneity in the mantle peridotites from the 

Bay of Islands ophiolite, Newfoundland, Canada: Ion probe study of clinopyroxenes.  Geochimica et Cosmochimica 

Acta, v. 62, p. 853–866 

Bebout, GE, Ann E. Bebout, AE, Graham CM, 2007, Cycling of B, Li, and LILE (K, Cs, Rb, Ba, Sr) into subduction zones: SIMS 

evidence from micas in high-P/T metasedimentary rocks, Chemical Geology v239, 284 – 304. 

Bizimis M, Salters VJM, Bonatti E (2000) Trace and REE content of clinopyroxenes from supra-subduction zone peridotites. 

Implications for melting and enrichment processes in island arcs. Chem Geol 165:67–85 

Choi, S.H., Mukasa, S.B., Shervais, J.W. (2008) Initiation of Franciscan Subduction along a Large-offset Fracture Zone: 

Evidence from Mantle Peridotites, California, California, Geology, v 36, #8, 595-598. doi: 10.1130/G24993A.1  

Choi, S.H., Shervais, J.W., Mukasa, S.B. (2008) Supra-Subduction and Abyssal Mantle Peridotites of the Coast Range 

Ophiolite, California, Contrib. Min. & Petr., v155, 551-576. DOI: 10.1007/s00410-008-0300-6. 

Dick, H. J. B., 1976, Origin and Emplacement of the Josephine Peridotite.  PhD Thesis, Yale University, New Haven 

Connecticut, 396 pp. 

Dick, H. J. B., 1977, Evidence of partial melting in the Josephine Peridotite, in Dick, H. J. B., ed., Magma Genesis, Volume 96: 

Portland, Oregon, Oregon Dept. of Geology and Mineral Industries, p. 59-62. 

Dick, H. J. B., 1977, Partial melting in the Josephine peridotite I, The effect on mineral composition and its consequence for 

geobarometry and geothermometry: American Journal of Science, v. 277, p. 801-832. 

Elthon, D., (1991) Geochemical evidence for formation of the Bay of Islands ophiolite above a subduction zone.  Nature 

354, 140-143. 

Harper, G. D., 2003a, Fe-Ti basalts and propagating-rift tectonics in the Josephine Ophiolite: GSA Bulletin, v. 115, no. 7, p. 

771-787. 



 5 

Harper, G. D., 2003b, Tectonic implications of boninite, arc tholeiite, and MORB magma types in the Josephine Ophiolite, 

California, Oregon, in Dilek, Y., and Robinson Paul, T., eds., Ophiolites in Earth history: Geological Society of London. 

London, United Kingdom.  

Harper, G.D. (1984) The Josephine ophiolite, northwestern California, GSA Bulletin, 95 (9), 1009-1026. 

Hellebrand E, Sonw JE, Hoppe P, Hofmann AW, 2002, Garnet-field melting and late-stage refertilization in “residual” 

abyssal peridotites from the Central Indian Ridge. J Petrol 43, 2305-2338. 

Jean, M.M., Shervais, J.W., Choi, S.H., Mukasa, S.B., (2009) Melt Extraction and Melt Refertilization in Mantle Peridotite of 

the Coast Range Ophiolite: An LA-ICP-MS Study, Contrib. Min. & Petr.y, v.159, n.1, DOI:10.1007/s00410-009-0419-0. 

[2009 online, 2010 print]  

Kelemen, P. B., and H. J. B. Dick (1995), Focused melt flow and localized deformation in the upper mantle: Juxtaposition of 

replacive dunite and ductile shear zones in the Josephine peridotite, SW Oregon, J Geophys. Res., 100(B1), 423-438. 

Kelemen, P. B., Dick, H.J.B., and Quick, J.E. (1992), Formation of harzburgite by pervasive melt/rock reaction in the upper 

mantle, Nature, 358, 635-641. 

Leeman, W. P., et al. (2005), Petrologic constraints on the thermal structure of the Cascades arc, J. Volcanology and 

Geothermal Research, 140, 67-105. 

McDade, P, Blundy, JD, and Wood, BJ, 2003, Trace element partitioning between mantle wedge peridotite and hydrous 

MgO-rich melt. American Mineralogist, Volume 88, pages 1825–1831. 

Mée, L. L., Girardeau, J., and Monnier, C., 2004, Mantle segmentation along the Oman ophiolite fossil mid-ocean ridge: 

Nature (London), v. 432, no. 11. 

Metcalf, R.V., and Shervais, J.W. (2008) Supra-Subduction Zone (SSZ) Ophiolites: Is There Really An "Ophiolite 

Conundrum"?, in James E. Wright and John W. Shervais, editors, Ophiolites, Arcs, and Batholiths: A Tribute to Cliff 

Hopson: GSA Special Paper 438, p. 191–222, doi: 10.1130/2008.2438(07).  

Ottolini, L, D Laporte, N Raffone, J-L Devidal, B. Le Fevre, 2009, New experimental determination of Li and B partition 

coefficients during upper mantle partial melting; Contrib Mineral Petrol, v157, p. 313–325: DOI 10.1007/s00410-008-

0336-7.  

Parkinson, I. J., and J. A. Pearce (1998), Peridotites from the Izu-Bonin-Mariana Forearc (ODP Leg 125): evidence for mantle 

melting and melt-mantle interaction in a supra-subduction zone setting, Journal of Petrology, 39, 1577-1618. 

Pearce, J.A., Barker, P.F., Edwards, S.J., Parkinson, I.J., Leat, P.T., 2000, Geochemistry and tectonic significance of peridotites 

from the South Sandwich arc-basin system, South Atlantic.  Contributions to Mineralogy and Petrology, v. 139, pp. 

36– 53 

Pearce, J.A., Parkinson, I.J., 1993, Trace element models for mantle melting:  application to volcanic arc petrogenesis.  In:  

Prichard, H.M., Alabaster, T., Harris, N.B.W., & Neary, C.R. (eds) Magmatic Processes and Plate Tectonics.  Geological 

Society, London, Special Publication, v. 76, pp. 373-403 

Seyler, M, Toplis, MJ, Lorand, JP, Luguet, A., & Cannat, M, 2001, Clinopyroxene microtextures reveal incompletely 

extracted melt in abyssal peridotites, Geology, 29, 155-158. 

Shervais, J. W. (1982) Ti-V plots and the petrogenesis of modern and ophiolitic lavas. Earth & Planet. Sci. Lett., 59, 101-118. 

Smith, D. R., and W. P. Leeman (2005), Chromian spinel–olivine phase chemistry and the origin of primitive basalts of the 

southern Washington Cascades, J. Volcanology & Geothermal Research, 140, 49-66. 

Sobolev, A.V., Shimizu, N., 1992, Super depleted melts and ocean mantle permeability, Dokl. Ross. Akad. Nauk, v. 326, pp. 

354-360 

Tatsumi, Y., Hamilton, D.L., Nesbitt, R.W., 1986, Chemical characteristics of fluid phase from a subducted lithosphere and 

origin of arc magmas: evidence from high-pressure experiments and natural rocks, J. Volcanol. Geotherm. Res., vol. 

29, 293–309 

Tera, F., Brown, L., Morris, J.D., Sacks, I.S., Klein, J., Middleton, R., 1986, Sediment transportation in island arc magmas:  

inferences from 10Be:  Geochim. Cosmochim. Acts, v. 50, p. 535-550 

 



Tracking the Yellowstone Hotspot  rough Space and Time

John Shervais, Barry Hanan, Eric Christiansen, Douglas Schmitt  

and the Hotspot Science Team 

Introduction

Mantle plumes are thought to play a crucial role in the Earth’s thermal and tectonic evolution.  ey have 

long been implicated in the rifting and breakup of continents, and plume-derived melts play a significant role 

in the creation and modification of sub-continental mantle lithosphere. Much of our understanding of mantle 

plumes comes from plume tracks in oceanic lithosphere, but oceanic lithosphere is recycled back into the 

mantle by subduction, so if we are to understand plume-related volcanism prior to 200 Ma, we must learn how 

plume-derived magmas interact with continental lithosphere, and how this interaction effects the chemical 

and isotopic composition of lavas that erupt on the surface. 

Hotspot volcanism in oceanic lithosphere has been the subject of focused recent and ongoing studies by 

the Hawaii Drilling Project, the Rekjanes Drilling Project and IODP.  ese studies will provide base-line 

information about where mantle plumes originate, how they behave, and the volcanic products of these 

processes (DePaolo & Manga 2003). However, hotspot volcanism within continental lithosphere has not been 

studied in such detail, and is potentially more complex. 

 e Yellowstone-Snake River Plain (YSRP) volcanic province, which began ≈17 Ma under eastern Oregon 

and northern Nevada and is currently under the Yellowstone Plateau, is the world’s best modern example of a 

time-transgressive hotspot track beneath continental crust. Recently, a 100 km wide thermal anomaly has been 

imaged by seismic tomography to depths of over 500 km beneath the Yellowstone Plateau (Yuan & Dueker, 

2005; Waite et al 2006).  e Yellowstone Plateau volcanic field consists largely of rhyolite lavas and ignimbrites, 

with few mantle-derived basalts (Christiansen 2001). In contrast, the Snake River Plain (SRP), which represents 

the earlier track of the Yellowstone hotspot, consists of basalts that are compositionally similar to ocean island 

basalts like Hawaii and overlie rhyolite caldera complexes that herald the onset of plume-related volcanism 

(Pierce et al 2002).  e SRP preserves a record of volcanic activity that spans over 12 Ma and is still active 

today, with basalts as young as 200 ka in the west and 2 ka in the east.  us, the Snake River volcanic province 

represents the world-class example of active time-transgressive intra-continental plume volcanism.  e SRP is 

unique because it is young and relatively undisturbed tectonically, and because it contains a complete record of 

volcanic activity associated with passage of the hotspot.  is complete volcanic record can only be sampled by 

drilling. In addition to this complete record of hotspot volcanism, the western SRP rift basin preserves an 

unparalleled deep-water lacustrine archive of paleoclimate evolution in western North America during the late 

Neogene. 

Motivation and Goals of Drilling 

 e central question we plan to address is: how do mantle hotspots interact with continental lithosphere, 

and how does this interaction affect the geochemical evolution of mantle-derived magmas and continental 

lithosphere?  Plumes modify the impacted lithosphere in two ways: by thermally and mechanically eroding pre-

existing cratonic lithosphere, and by underplating plume-source mantle that has been depleted in fusible 

components by decompression melting to form flood basalts or plume track basalts.  e addition of new 

material to the crust in the form of mafic magma represents a significant contribution to crustal growth, and 

densifies the crust in two ways: by adding mafic material to the lower or middle crust as frozen melts or 

cumulates, and by transferring fusible components from the lower crust to the upper crust as rhyolite lavas 

and ignimbrites, leaving a mafic restite behind.  us, the structure, composition, age and thickness of 

continental lithosphere influence the chemical and isotopic evolution of plume-derived magmas, and localizes 

where they erupt on the surface. 



Major Science Issues for SRP Drilling Project

 e central science issue for crustal drilling of the Snake River volcanic province is: how do plumes interact 

with continental crust and mantle lithosphere, based on the differences we see between clearly established 

oceanic plumes (e.g., Hawaii Deep Drilling Project) and a plume system that has interacted with continental 

lithosphere over a prolonged time frame (the Snake River-Yellowstone plume system). We know from studies of 

surface basalts and existing core that these differences reflect in part variations in lithospheric age, 

composition, and thickness, magma fractionation and recharge in crustal storage systems, and assimilation of 

older crust, as well as input from the deep-seated mantle plume and adjacent asthenosphere. Questions to be 

addressed within this context include: 

(1)  How do the variations in magma chemistry, isotopic composition, and age of eruption constrain the 

mantle dynamics of hotspot-continental lithosphere interaction?

(2)  What do variations in magma chemistry and isotopic composition tell us about processes in the crust and 

mantle? Is melting continuous or pulsed? To what extent is magma chemistry controlled by melting, 

fractionation, or assimilation of crustal components, and where do these processes occur? 

(3)  Is the source region predominately lithosphere, asthenosphere, or plume? What are the proportions of 

each? Are there changes in the magma source/proportions through time? 

(4)  How does a heterogeneous lithosphere affect plume-derived mafic magma? Effect of crust-lithosphere 

age, structure, composition, and thickness on basalt and rhyolite chemistry, from variations in lava 

chemistry along the plume track. 

(5)  Interactions between primary melts with crust or lithosphere. What do the super-cycles in volcanic 

chemo-stratigraphy tell us about crust-basalt interactions? Melting? 

Figure 1.  (A) S-wave velocity perturbations at 100 km under NW USA; slower velocities in hot colors (red, yellow), 

faster velocities in cool colors (blue). Big white triangles = Earthscope Transportable Array stations, small white 

triangles = High Lava Plains array, white line = plane of section in 2B. (B) Cross section along line C4, showing 

remnant of Farallon slab (dark blue), warm area below HLP, and extremely hot channel below Snake River Plain, 

which dominates the section . Note that section not parallel to axis of SRP.  From James et al 2009. 



(6)  What is the time-integrated flux of magma in the Snake River-Yellowstone volcanic system? Is it consistent 

with models of plume-derived volcanism, or is this flux more consistent with other, non-plume models of 

formation? 

(7) Can we establish a link between the purported “plume head” volcanic province (Columbia River Basalts-

northern Nevada rift zone), and the “plume tail” province (Snake River Plain)?

Rhyolites of the SRP are distinct from normal calc-alkaline rhyolites associated with island arc systems: they 

were very hot (850º-1000ºC) dry melts with low viscosity and anhydrous mineral assemblages.  ey produced 

very large volume (>200 km3) low aspect ratio lavas, vast (≈1000 km3) well-sorted, intensely welded 

ignimbrites and lava-like ignimbrites, and regionally widespread ashfall layers with little pumice.  ey are the 

youngest and best-preserved example of this type of volcanism, but the SRP eruptive centers are concealed 

beneath basalt.  ey have geochemical affinities to A-type/P-type granites and are common in other plume-

related silicic provinces throughout the world (e.g., Etendeka). Major issues include: 

(1) Origin of the SRP rhyolites: dry crustal melting or fractional crystallization of mantle-derived basalt?

(2) What are the volumes of the rhyolitic eruptions? What is the periodicity and eruptive mass flux, and how 

does this vary with time as the hot spot tracks across changing lithosphere? Related to this, how much 

plume-derived mafic magma is required to produce the rhyolites (e.g., Nash et al 2006), and what does 

this tell us about total magma flux in the Snake River-Yellowstone plume system? 

(3) Do the rhyolites associated with the older western province differ from those of central and eastern SRP? 

How does the plume-crust interaction vary across a heterogeneous cratonic margin? 

 e formation of A-type granitic melts as dry melts of continental crust requires an external heat source 

capable of transferring immense amounts of heat to the crust – sufficient to form large volumes of high silica 

rhyolite with liquidus temperatures of 850-1000ºC. Determining the heat budget associated with these melts 

will be critical to our understanding of plume-continent interaction. In addition, the large volumes of rhyolite 

preserve a record of magma chamber processes in the middle crust that cannot be seen in surface exposures, 

but which are critical to understanding the origin and nature of these unique magmas.  

Figure 2. Topographic-relief map of southern Idaho showing location of the three drill sites (red stars), previous drill 

sites (white circles) and some of the features referred to in the text. 



Proposed Work 

We have recently completed 3 deep (1.8 to 1.93 km) core holes in the SRP (figure 2), producing over 

5.5 km of core (Shervais et al 2013). Two of these are located in the central SRP (near Twin Falls, Idaho) and 

comprise an offset pair that together sample a nearly complete section through a major caldera complex 

and its overlying basalt cover. "e third hole penetrates a thick section of Plio-Pleistocene lake sediments 

that are overlain and underlain by basalts in the western SRP.  Major funding for this project has come from 

U.S. Department of Energy, the International Continental Drilling Program, the U.S. Air Force, and 

collaborating universities. "is funding supported drilling and logging of core, hydrologic studies, and other 

energy related studies, but not funding for basic science investigations. It is critical in cases such as this 

(where other agencies support drilling operations and core recovery) that NSF support follow-up science 

investigations not supported by the other agencies. "ese studies would include petrologic and mineralogic 

studies, major and trace element analyses of core, radiogenic tracer isotope studies, and Ar-Ar age studies.  

"ese value-added studies represent a fraction of the cost of drilling, core logging, geophysical logging, and 

sample curation. 
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The Alpine Fault in the western South Island of New Zealand(Fig. 1) ruptures every 200-400 

years in a magnitude ~7.9 earthquake, and is thought to have last ruptured in 1717 AD 

(Sutherland et al., 2007). The Alpine Fault is globally significant and similar in character to the 

San Andreas Fault in America or the North Anatolian Fault in Turkey. However, the Alpine 

Fault is distinct in that the elapsed time since the last large earthquake represents a substantial 

fraction of the average recurrence interval; in other words, the Alpine Fault is late in its 

earthquake cycle (Townend et al., 2009). Moreover, unlike these strike-slip dominant structures, 

where even locally transpressive motions are accommodated on separate suites of structures (e.g. 

Dickinson, 1966), the Alpine Fault accommodates oblique plate motions via strike and dip-slip 

on a single structure (Norris & Cooper, 2001). Consequent rapid hangingwall uplift has exhumed 

fault rocks from depth (e.g. Norris & Cooper, 2007), and uplift continues to restrict earthquake 

activity to depths that are shallower than normal (<8km; e.g. Leitner et al., 2001). 

 

 
Fig. 1: The dramatic linear surface expression of the Alpine Fault is highlighted by snow that is localised on high 

peaks in the hangingwall in this satellite image, obtained from http://earthobservatory.nasa.gov/Images/ 

 

The DFDP project (http://www.icdp-online.org/front_content.php?idcat=1281) aims to drill, 

sample, and monitor the Alpine Fault at depth, to take advantage of excellent surface exposures 

and the relatively shallow depths of geological transitions, and hence to better understand 

fundamental processes of rock deformation, seismogenesis, and earthquake deformation. We are 

particularly excited that we have the opportinity to track fault rock evolution at different 

conditions within the seismogenic zone via staged drilling to progressively increasing target 

depths along an exhumation trajectory (Fig. 2).  We also hope to determine the physical 

conditions at depth around a locked fault that is late in its earthquake cycle, and to measure 

changes in these conditions when the next major event occurs. 
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Fig. 2: Block diagram illustrating the SE-dipping Alpine Fault, slip vector (grey arrows on fault plane), and the 

concept of staged drilling to sample and instrument the fault at a series of depths along an exhumation trajectory. 

 

The first phase of DFDP ("DFDP-1") was completed in February 2011 with the successful 

construction of two boreholes intersecting the inferred most recently active principal slip zone of 

the Alpine Fault at depths of ~90 and ~121m at Gaunt Creek, South Westland. Further details 

regarding DFDP-1 and links to published results can be found at 

https://wiki.gns.cri.nz/DFDP/DFDP-1_Gaunt_Creek. Planning is now underway for the next 

phase of drilling ("DFDP-2"), which is scheduled to start in early 2014. The costs of DFDP-2 are 

largely being met by the Royal Society of New New Zealand’s Marsden Fund, and by the 

International Continental Scientific Drilling Program (ICDP).  

 

The DFDP project is led in NZ by Rupert Sutherland (GNS Science), John Townend (Victoria 

University of Wellington) and Virginia Toy (University of Otago). We are also fortunate to 

collaborate with a diverse suite of international scientists, whose participation has allowed, and 

will continue to allow us to undertake the most cutting-edge investigations of the fault zone 

possible. 

 



US researchers currently (or recently) involved in DFDP research with NSF support include: 

1. Clifford Thurber (University of Wisconsin-Madison) and Steven Roecker (Rensselaer 

Polytechnic Institute), Collaborative Research: Seismic characterization of microearthquakes 

and crustal velocity structure around the Whataroa fault zone drilling site, Alpine Fault, New 

Zealand, 2011 to 2014. 

2. Harold Tobin (University of Wisconsin-Madison), Demian Saffer (Pennsylvania State 

University),  Chris Marone (Pennsylvania State University), Collaborative Research: Physical 

properties of the Alpine Fault, New Zealand: Mechanical and hydrological processes in the 

brittle fault core and surrounding damage zone. 

3. Ben van der Pluijm (University of Michigan): NSF-EAR-1118704: Fluids in continental fault 

zones; Evidence from neomineralized clays, 2011-2014. 

 

Successful outcomes of the work to date include >10 manuscripts either published (e.g. Townend 

et al., 2009, Sutherland et al., 2012, Boulton et al., 2012), submitted, or in preparation, and 

numerous conference presentations, including a number within the 2012 Fall AGU meeting 

session T31: Theory and Practice in Studies of the Earthquake Cycle, convened by the project 

team.  
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