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Purpose and Introduction 
 

The primary goal of this research is to better understand the relationship between 

extensional faulting and volcanic activity during the initial stages of continental rifting. 

Volcanism is both temporally and spatially associated with large-scale extension that has 

occurred throughout the Basin and Range (e.g., Gans, 1987). However, most of the 

province has undergone large-magnitude extension along normal faults, resulting in the 

development of deep, sediment-filled basins that obscure many of the structures 

developed during the initiation of extension (Fig. 1). Yet these early structures, and their 

detailed relationship to volcanic activity, provide critical insight into the mechanisms by 

which the rifting process begins in continental crust and how it evolves. 

The western margin of the Basin and Range is still actively extending, and is thus 

a place where rift initiation can potentially be explored. Surprise Valley is located along 

this margin in northeastern California (Fig. 2) and provides a unique opportunity to assess 

the relationship between faulting and volcanism in detail, because presumably inactive 

structures representing nascent extension can be observed along the northeastern 

boundary of Surprise Valley in the Larkspur Hills. Extension initiated in the mid-



Miocene in this region, but a second phase occurred ca. 3-4 Ma (Egger & Miller, 2011), 

roughly contemporaneous with the eruption of well-dated 3-8 Ma low-K olivine tholeiites 

(LKOTs) in the Larkspur Hills (Fig. 3) (Carmichael et al., 2006).  

Detailed geochronology and mapping of volcanic rocks and faults in the Larkspur 

Hills can better constrain the relationship between them. A technique to acquire 

geochronological data quickly and at low cost is through the use of paleomagnetic 

correlation of individual flows (e.g., Mankinen et al., 1987). This technique can be used 

in conjunction with existing geochronology to identify common flows and determine 

relative offset along structures found within. I plan to conduct detailed field mapping of 

structures cutting LKOTs and determine the extent of individual flows through the use of 

paleomagnetic analyses, thus documenting the sequence of events from 8 Ma to ca. 3 Ma. 

The relationship between faulting and LKOT flows may have more important 

implications for fluid flow that is known to continue in the subsurface of Surprise Valley.  

Structures in the subsurface imaged with magnetic data appear to have a strong 

influence on directing geothermal fluid flow (Glen et al., 2013). A locally discontinuous 

magnetic high is interpreted to represent en echelon fault traces exploited by a mafic dike 

(Glen et al., 2013). The location of many hot springs within Surprise Valley coincide 

with major breaks or bends in the magnetic anomaly (Glen et al., 2013). Faulting 

observed in the Larkspur Hills can serve as a direct analogue to these structures obscured 

by sediments in Surprise Valley. Gaining further insight regarding the structures observed 

on the surface can assist in creating better models for what is concealed beneath Surprise 

Valley, which may have significant implications regarding the region’s potential for 

geothermal energy production.   



Geologic observations in the Larkspur Hills raise a number of questions that I 

hope to address in my research, such as: What is the relative timing of faulting and 

volcanism in this region, and what influences did faulting have on initial and subsequent 

flows? What does that tell us about the utilization of faults as barriers or pathways for 

fluids? How can we then apply what we see on the surface to better model buried 

structures that control circulation of geothermal fluids in Surprise Valley? 

In the Larkspur Hills, I will conduct field mapping and paleomagnetic sampling 

and analyses in order to: 

• Determine the correlation between faulting and LKOT flows in the 

Larkspur Hills 

• Construct detailed cross-sections illustrating the temporal relationships 

between faulting and LKOT flows 

• Determine the progression of extensional processes that occurred in the 

Larkspur Hills and how they relate to the evolution and localization of 

extension within Surprise Valley 

 
 

Background 
 
 Surprise Valley and the Larkspur Hills are located along the northwestern border 

of the Basin and Range, in northeastern California (Fig. 1). The slow rate of extension 

within Surprise Valley coupled with its relatively recent initiation provides a unique 

setting where the earliest stages of extension remain preserved. Motion within the valley 

has resulted in 12-15% extension accommodated dominantly along the Warner Range-



bounding Surprise Valley fault (SVF) along the western margin of the valley (Fig. 2) 

(Egger & Miller, 2011). Extension is currently focused mainly along the SVF (Personius 

et al., 2009), but normal faulting exists on the northeastern border of the valley in the 

Larkspur Hills that may provide important insight regarding the initiation of extension in 

the region.    

 The Larkspur Hills are composed of late-Miocene to Pliocene LKOTs 

(Carmichael et al., 2006). The occurrence and composition of these rocks were first 

analyzed in detail by Hart et al., 1984 and described as low-K, high-alumina olivine 

tholeiites (HAOTs).  HAOTs range in age from 0-10.5 Ma and are geographically 

constrained to the northwest Basin and Range (Hart et al., 1984). Carmichael et al. (2006) 

studied the extent and source of HAOTs in the Surprise Valley region and termed them 

low-K olivine tholeiites, or LKOTs, and that is the nomenclature we will use. The 

chemical composition of the LKOTs is homogenous throughout their occurrence and 

bears a geochemical similarity to back-arc basin basalts sourced from a significantly 

depleted upper-mantle, therefore the authors interpret their occurrence to be a result of 

extension in a region that has previously experienced subduction-related volcanism (Fig. 

4) (McKee et al., 1983; Hart et al., 1984; Carmichael et al., 2006). Mantle upwelling 

followed by substantial crustal thinning and extensional faulting in the northwestern 

Basin and Range created conduits for HAOTs (Hart et al., 1984). The extent of HAOT 

flows appear to have been controlled by existing topography throughout their existence 

(Hart et al., 1984), such as the case in and around Surprise Valley (Egger and Miller, 

2011). 



LKOTs in the Devil’s Garden just west of Surprise Valley range in age from 5 to 

10.5 Ma (McKee et al., 1983). LKOTs in the Larkspur Hills have been dated between 3-8 

Ma (Carmichael et al., 2006), and are tilted and faulted and form the gently sloped hills 

(Fig. 3) (Egger and Miller, 2011). These ages are not evenly distributed, however. Flows 

in the north and along the margins of the Larkspur Hills are approximately 8 Ma, while 

flows at the southern reaches of the hills are approximately 4-6 Ma (Fig. 3). The 

distribution of ages suggests that topographic barriers created by synchronous faulting 

may have influenced their extent. Correlating common flows within the Larkspur Hills 

can reveal the timing of faulting and the influence volcanism and faulting may have had 

on one-another. With limited geochemical variability between flows, mapping the extent 

of each LKOT flow through geochemical analyses is not a viable option. Employing 

existing geochronology, paleomagnetic analyses will allow for a cheaper and more 

efficient means of correlating flows. 

The use of paleomagnetic data and geochronology has proven to be an effective 

means of spatially and temporally correlating flows. By combining existing published 

geochronology and thorough paleomagnetic analyses, Mankinen et al. (1987) were able 

to correlate mid-Miocene Steens and Steens-like basalts covering an area up to 70,000 

km3, and interpret the extent and evolution of the volcanic group (Fig. 5). LKOTs 

composing the Larkspur Hills along Surprise Valley offer a similar opportunity. 

Incorporating detailed paleomagnetic sampling and analyses with existing geochronology 

can assist in determining the extent of individual flows, ultimately aiding in interpreting 

the succession of and relationship between faulting and volcanism.   



Methods and logistics 
 

Well constrained 40Ar/39Ar geochronology shows that LKOTs range in age from 3 

to 8 Ma (Carmichael et al., 2006) while extensional faulting was ongoing (Egger & 

Miller, 2011; Colgan et al., 2008), but no detailed mapping of individual flows has yet 

been conducted to describe this relationship in more detail. I will use paleomagnetic 

mapping to identify the extent of individual LKOT flows, and ultimately determine 

relative offset along faults. Deciphering this data will reveal the relationship between 

faulting and the eruption of the LKOTs.  Existing geologic mapping, locations of 

geochronology and paleomagnetic samples and aerial photographs will aid in determining 

preliminary sample locations. I will then conduct more detailed field mapping of 

structures within the LKOTs and make final determinations for sample locations. 

Paleomagnetic samples from a site represent an individual flow deposited from a 

single eruption event within a stratigraphic stack of flow units, referred to as a section. 

Approximately eight oriented core samples will be taken from each sample site to ensure 

the reliable determination of a mean primary remnant magnetization. Stratigraphic and 

structural relationships and coordinates of oriented core samples will be catalogued in the 

field. 

Specimens will be analyzed with an automated cryogenic magnetometer at the 

state-of-the-art USGS Paleomagnetics Laboratory in Menlo Park, CA. Core samples will 

be cut into specimens, the best of which will be subjected to step-wise demagnetization. 

This process will remove overprint magnetization characteristics inherited since 

crystallization, revealing the rock’s primary magnetization acquired at the time of 



cooling. Data from the cryogenic magnetometer will be reduced and analyzed using the 

Paleomac program.  

The primary magnetization of a rock serves as an identifying feature that can be 

used to correlate flows of a common age. Primary magnetic signatures from samples will 

reveal common flows. A refined map illustrating the relationship between LKOT flows 

and offsetting structures will be completed in ArcGIS. Interpretation of the mapping will 

help constrain the timing of motion along faults and the eruption of the LKOTs. This 

relationship will reveal more specific effects faulting may have had on the eruption and 

emplacement of volcanics. The results will also be correlated to existing magnetic field 

data for Surprise Valley. There is potential that the data representing the structures at the 

surface can be connected to magnetic data of the subsurface in the region. Conclusions 

regarding this relationship in Surprise Valley may serve to illustrate temporal and spatial 

relationship between faulting and volcanic rocks in the broader Basin and Range. 

 
Preliminary results 
 
 Numerous LKOT flow blocks within and near the Larkspur Hills were sampled 

between 2008 and 2012. Core samples from these sites have been analyzed and data 

reduced with the Paleomac program. I have determined primary magnetization 

characteristics for individual sections and constructed the magnetostratigraphy of sample 

sites (Fig. 6). General results show that volcanism in the Larkspur Hills has spanned over 

at least two polarity chrons, though likely more when considering the range of flow ages.  

Examining the primary magnetic characteristics for each section plotted on stereonets 

reveals that a number of sections possess unique, identifying primary magnetic 



directions. A number of these unique magnetization directions have been correlated with 

sections present in other sites (Fig. 7). It is not yet clear if these unique magnetization 

directions are a result of magnetic polar wander, a transition or an intermediate step 

during a full or failed reversal. These preliminary correlations establish confidence in my 

ability to make broader correlations achieved through more comprehensive sampling, and 

will better inform the determination of localities for future sampling. 

 
Implications of Research 
 

Piecing together the succession of volcanism and faulting will provide insight into 

the evolution of extension in the region. My research will shed light on the magnetic 

properties possessed by LKOT flows at the surface, but may also offer important insight 

to aid in deciphering and modeling magnetic features observed beneath the valley. 

Interpretations of magnetic highs revealed in Surprise Valley suggest that en echelon 

faults exploited by mafic magmas are today responsible for controlling geothermal fluid 

flow (Glen et al., 2013). Major breaks or bends in the magnetic anomaly coincide with 

the location of hot springs on the playa surface of Surprise Valley (Glen et al., 2013).  

It is reasonable to assume that many of the structures that can be observed in the 

Larkspur Hills are analogous to structures obscured beneath sediment in Surprise Valley. 

Connecting the structures present in the Larkspur Hills to what has been observed of the 

subsurface may lead to better understanding of fluid transport in the Surprise Valley 

region. Broader knowledge of fluid flow may have profound effects in determining the 

geothermal energy production potential in the region. Furthermore, the interpreted 

relationship between faulting and volcanism in Surprise Valley as well as interrelated 



subsurface fluid flow may have great significance in understanding the maturation of 

extension in other reaches of the Basin and Range and beyond. 
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Schedule 
 
Spring 2013 • Continue research of field area and paleomagnetic 

applications 
• Examine aerial photographs and existing paleomagnetic and 

geochronology data to determine preliminary paleomagnetic 
sample locations 

• Prepare base map for field mapping in Larkspur Hills 
Summer 2013 • Spend 3 weeks in field during June to map faults and 

determine final paleomagnetic sample locations 
• Spend 3 weeks in field during late August to early September 

to collect paleomagnetic samples 
• Prepare and analyze paleomagnetic cores at the USGS in 

Menlo Park, CA for two weeks 
Fall 2013 • Reduce paleomagnetic data using Paleomac program 

• Construct Zijderveld diagrams to interpret primary 
magnetization for each sample 

• Study and interpret results from paleomagnetic analyses to 
correlate common flows 

Winter 
2013/2014 

• Upload paleomagnetic data into ArcGIS 
• Create cross sections illustrating LKOT flows and their 

relationship to faults in the Larkspur Hills 
• Begin writing thesis 

Spring 2014 • Complete thesis and present thesis defense 
 
Budget  
 
Category Cost 

4x4 Vehicle Rental (transportation to and from field area) $1579.50 

Mileage to and from field site (Ellensburg, WA to Cedarville, CA and 
 additional travel to field area from camp) 

$1633.00 

Per Diem ($20/day while in the field for first 4 weeks) $560 

Lodging (1 day/week while in the field for first 4 weeks) $220.00 

Airfare to San Jose, CA (sample Analyses @ USGS in Menlo Park) $452.00 



 
Figures 
  

Figure 1. DEM of the western United States illustrating the extent of the Basin and Range whose 
margins are marked by thick grey lines (Egger & Miller, 2011). Outlined is the northwestern margin 
examined in greater detail in Fig. 2. 



Figure 2. Geologic map representing Surprise Valley and surrounding region  
(Egger & Miller, 2011) with the Larkspur Hills in northeastern Surprise Valley outlined. 



 

 
Figure 3. Geologic map of the Larkspur Hills in northeastern Surprise Valley (Egger & Miller, 2011) 
illustrating the extent of LKOTs, geochronology, previously sampled paleomagnetic sites and proposed 
sites for future paleomagnetic sampling. 



 
 
 
 
 

 

Figure 4. Composition of LKOTs found in and around Surprise Valley plotted 
against subduction-related volcanics in the region (Carmichael et al., 2006). 

 

Figure 5. Fence diagram constructed based on paleomagnetic and geochronology data for 
Steens and Steens-type basalts (Mankinen et al., 1987). 

 



 

 
Figure 6. Geologic map of the Larkspur Hills (Egger & Miller, 2011) illustrating 
the remnant magnetization of basaltic dikes and the magnetostratigraphy of sites 
sampled in previous years. 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Figure 7. Stereonets with inlaid magnetostratigraphy illustrating remnant magnetization of sections 
within sampled sites. Figure 7A represents a site that appears to have recorded a magnetic transition 
and a possible failed magnetic reversal. Correlated magnetic characteristics between sample sites are 
highlighted. 

 


