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Preface 

To facilitate a smooth transition from thesis to journal article format, 

this Masters Thesis has been written from the start in article format.  

Therefore many of the terms and ideas that would normally be discussed in 

great detail in a typical thesis are introduced and subsequently, the 

narrative moves on.  For the readers who are not as familiar with the field of 

paleomagnetism, many of the pivotal terms will be defined below. 

 

Some 90% of the Earth’s magnetic field energy can be modeled as a 

Geocentric Axial Dipole (GAD); that is to say that we can model most of the 

Earth’s magnetic field behavior with that of a large bar magnet centered at 

the Earth’s center and aligned with the rotational pole (Tauxe et al., 2009).  

Most school kids and disaster movie fans will tell you that at various points 

in the past the magnetic field has reversed polarity.  During periods of 

stable polarity, the location of magnetic north varies over time scales of 

several decades or more usually occupying positions with latitudes >60°.  

Secular variation, this polar wander can be expressed as variations in local 

field vector components declination (D) (angle between magnetic north and 

true north), inclination (I) (the vertical component), and intensity (J) (length 

of the vector) (Lund, 1996).   

 



McCuan viii 
 

The directional components of the vector (D and I) can be used in 

conjunction with the position of the observation site to calculate a Virtual 

Geomagnetic Pole (VGP).  A VGP represents the location of magnetic north 

as seen from that particular observation point.  

 

The main topic of this thesis focuses on geomagnetic excursions.  The 

exact definition of an excursion is problematic and over time a number of 

conventions have been used.  The traditional excursion is defined by VGPs 

that travel more than 40° to 45° away from the average magnetic north pole 

for that time period (Tauxe et al., 2009).  A more recent and far more lax 

definition of an excursion has been proposed labeling any magnetic field 

behavior other than “normal” field behavior as an excursion (Laj and 

Channell, 2007).   

 

Several times throughout this paper the Wilson Creek Fm. will be 

discussed.  The formation, located around the shore of Mono Lake, CA, is 

comprised of lacustrine sediments deposited in Mono Lake’s Pleistocene 

aged predecessor, Lake Russell.  These sediments are exposed particularly 

well in a canyon cut by Wilson Creek.  A geomagnetic excursion occurred 

during the deposition of this formation.  This excursion has been named the 

Mono Lake Excursion following the convention of naming excursions after 

the location at which they are first found.  Questions regarding the timing of 
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this excursion have brought into question the name of the event; however, 

we feel that this thesis below helps to resolve the age constraint problems.   

 

Several other paleomagnetic terms are used within this thesis that the 

average reader need not fully understand to comprehend our research.  For 

the readers who wish to fully understand the laboratory measurements and 

techniques used, a full description and discussion of everything 

paleomagnetism related can be found in Essentials of Paleomagnetism, 

Tauxe et al., 2009. 
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Abstract 

 A 14m-long sediment core taken from Summer Lake, OR contains the 

record of a geomagnetic excursion this research correlated to the Mono Lake 

Excursion (MLE).  This excursion is bracketed by tephra of known age, and 

its correlations are supported by a series of radiocarbon ages in a core (BB1) 

taken from within 100m of the new location (Zic et al., 2002, Benson et al., 

2003b).  The BB3 record faithfully reproduces the MLE with the addition of 

several features of higher frequency also found in the BB1 core record but 

are not seen in the original Mono Lake record.  The high resolution BB3 

record produces a virtual geomagnetic pole plot that confirms the overall 

sense of motion and locations of the type section MLE, but demonstrates 

more of a clustering of VGPs at key locations rather than the smoothed 

looping previously suggested.  The legitimacy of the findings are supported 

by the uniformity of magnetic carriers throughout the record as indicated by 

a variety of rock magnetism experiments.  A basal, fining upward sand layer 

located at the same depth as abrupt discontinuities in both lithology and 

paleomagnetic secular variation (SV) features strongly suggest an 

unconformity at 12.62 meters below ground surface (mbgs).  The SV 

occurring before and after correlate with known features associated before 

and after the Laschamp Excursion (LE).   
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 The 12.62 mbgs unconformity is attributed here to a sedimentation 

hiatus resulting from a Great Basin-wide drought associated with the 

Heinrich 4 (H4) millennial-scale stadial event.  This lack of deposition and 

the deflation or erosion of the sediments deposited before H4 likely caused a 

gap in the record from 42.5 to 38.5 ka GISP2 age.  The sediments above and 

below the unconformity support the idea of a pre-unconformity shallow 

lake, followed by a deeper post-unconformity lake.  The H4 unconformity, 

here-in referred to as the ~42ka Unconformity, is likely Great Basin wide 

and a major contributor to the lack of terrestrial North American LE 

records. 
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Late Pleistocene Geomagnetic Field Recorded in 
Sediments from the Depocenter of Pluvial Lake 
Chewaucan, Lake County, OR 
 
Daniel Thomas McCuan 
California State University, Bakersfield, 9001 Stockdale Highway, 
Bakersfield, CA  93311 
 
1 Introduction 

 The age of the geomagnetic excursion recorded in the Wilson Creek 

Formation near Mono Lake, CA is controversial.  This outcrop was originally 

sampled in the early 1970’s in an effort to find a lacustrine record of the 

Laschamp Excursion (LE) (Denham and Cox, 1971).  The excursion found in 

this study was eventually classified as a separate geomagnetic event; the 

Mono Lake Excursion (MLE) (Liddicoat and Coe, 1979), because of the 

distinctly different paleomagnetic directions.  Additionally, the Wilson Creek 

Formation excursion was found to be too young to be the LE.  Radiocarbon 

dating and tephrochronology place the midpoint of the MLE at ~ 28 14C kyr 

BP or ~33 ka (Benson et al., 2003a; Lund et al., 1988), several thousands of 

years younger than the accepted age of the LE (Benson et al., 2008; 

Channell, 2006; Lund et al., 2005) 

 

 Evidence of the MLE has also been found at Summer Lake, OR, a 

subbasin of the pluvial lake Chewaucan (Negrini et al., 1984; Negrini et al., 

2000; Zic, 2001; Zic et al., 2002), in two subbasins of pluvial Lake Lahontan 
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in northwestern Nevada (Benson et al., 2008; Liddicoat, 1992; Liddicoat, 

1996), numerous ODP cores (Channell, 2006; Lund et al., 2006), the 

Greenland Sea (Nowaczyk and Antonow, 1997), the Eastern Arctic Ocean 

(Nowaczyk and Knies, 2000), and in anomalous VGP directions in New 

Zealand Lava Flows (Cassata et al., 2008). Isolated anomalous directions of 

the appropriate age are found in a sediment cores from the San Francisco 

Bay area (Mankinen and Wentworth, 2004).  Higher than usual 36Cl 

accumulation rates in the GRIP ice core during this same time period are 

suggestive of a paleointensity low (Wagner et al., 2000).  While every marine 

recording of the MLE also records the LE (Channell, 2006; Lund et al., 

2006), few terrestrial records record both the MLE and LE.  The absence of 

two geomagnetic excursions within most terrestrial records, and the 

complications of dating terrestrial records has fueled the debate that the 

excursion in the Wilson Creek formation is a North American manifestation 

of the LE (Kent et al., 2002; Zimmerman et al., 2006). 

 

 A nearly 12 m long sequence of sediments cored at Summer Lake, OR 

(Bed & Breakfast core) in 1992 purportedly recorded two geomagnetic 

excursions within the time interval of 47 -23 ka.  The excursions are 

bracketed by tephra of known age and a relatively high average 

sedimentation rate (>50cm/ka) has been confirmed by several radiocarbon 

dates on material from within the core (Benson et al., 2003b; Erbes, 1996; 
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Zic et al., 2002).  The primary objective of the Bed & Breakfast (BB1) core 

study focused on paleoclimate research, therefore only minimal rock 

magnetic data was gathered.  Furthermore, the lower excursion contained 

only a few data points exhibiting anomalous directions. 

 

Amplitudes in the directional record of the BB1 core are generally 

greater than those observed in other late Pleistocene records from western 

North America.  Figure 1 shows the upper excursion from BB1 and the 

Mono Lake Excursion (MLE) from Wilson Creek.  While exhibiting the same 

general shape as the Wilson Creek record, the BB1 record demonstrates 

higher amplitudes and higher frequencies than the unsmoothed Wilson 

Creek record.  The BB1 record could thus potentially represent a higher 

fidelity record of the MLE due to a 3x higher sedimentation rate in the 

excursion interval.  The higher amplitudes and frequencies could 

alternatively be noise inherent to the magnetization of the sediments from 

the Summer Lake depocenter, or the sensitivity limitation of the Molspin 

spinner magnetometer used to acquire the BB1 record.  

 

 A new 14m-long sediment core has been taken from Summer Lake, 

OR near the 1992 coring site in an attempt to resolve the aforementioned 

problems regarding the fidelity of the original record.  The new record is 

based upon measurements  taken  on a  cryogenic  magnetometer.  A   more 
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Figure 1:  Directional and intensity data from the BB1 core (Zic, 2001) and 

the Wilson Creek outcrop (Lund et al., 2005).  GISP2 chronology 
established for the BB1 core in Zic et al., (2002) is transferred to the 
Wilson Creek data.   
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thorough examination of the rock magnetic properties has been undertaken 

this time to constrain magnetic carrier mineralogy and grain size/domain 

state. 

 

2 Geologic Setting and Previous Work 

 The Summer Lake Basin is located in the northwestern corner of the 

Great Basin (Figure 2), and is a subbasin of pluvial Lake Chewaucan.  

Geologic source rocks in the area are mostly volcanic in origin, mainly 

basalt with some rhyolite and dacite flows (Walker and MacLeod, 1991).  

The Chewaucan basin formed within a complex down-dropped fault block 

in-between Winter Ridge and the Abert Rim (Allison, 1983).   

 

 The suitability of sediments for a detrital remanent magnetization 

(DRM) study relies on both the sedimentation rate and magnetic mineralogy 

of the sediments. Previous studies have shown that the mineralogy of 

Summer Lake is appropriate for DRM studies (Roberts et al., 1994), at least 

in the proximal basin-margin sediments exposed in the Ana River Canyon at 

the extreme NW area of the Summer Lake subbasin. 

 

The fidelity of a DRM study directly relates to the sedimentation rate 

(Schwartz et al., 1997).  While oceanic cores tend to be more protected from 

sedimentation   hiatuses   and   benefit   from   better   age    control,    their  
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sedimentation rate is generally inferior to that of many terrestrial locations 

(Table 1).  

 

3 Methods 

 The BB3-I sediment core was taken from Summer Lake in September, 

2010, using a modified Livingston piston coring device on loan from the 

Desert Research Institute (DRI) of Reno Nevada.  Over 14 m of 10 cm-

diameter core was recovered from a hole located 42.8057° N, 120.7831° W 

(Figure 2 inset).  Due to diversion of the Ana River for irrigation and wildlife 

management purposes, the coring location is dry during the fall season, 

when coring was done. Every effort was made to core as close as possible to 

the location of the 1992 Bed & Breakfast (BB1) core; however, time had 

erased all evidence and landmarks associated with the un-surveyed 18 year 

old core site. Using distant landmarks as reference, it is estimated that the 

BB3 core was taken within 100 m of the original coring site. 

 

 After cutting into the 6.35 mm thick PVC liners the sediment core was 

split in two along its axis with a steel wire.  All drives were split so that the 

vertical center of samples taken from the working half of the cores would be 

colinear with the center axis of the whole core.  This procedure minimizes  
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the chance of sampling sediment near the edges of the core that may have 

been deformed during coring, although it was noted that such deformation 

was rarely observed as evidenced by consistent dips of usually horizontal 

depositional layers across the core. 

 

U-channel samples were collected using 2 x 2 cm square cross section 

by 1.5 m length plastic rectangular prisms.  In the lower half of the core 

containing the excursions, U-channels were subsampled with 2 x 2 x 1.8 cm 

plastic boxes following an initial 25 mT alternating field (AF) 

demagnetization of the parent U-channels. An additional set of discrete 

samples were taken every 10 cm throughout the entire core for various 

sediment-magnetism measurements.   

 

The 2G Enterprises 755-1.65UC DC SQUID Superconducting Rock 

Magnetometer housed in the UC Davis paleomagnetism laboratory was used 

for all remanent magnetization measurements.  The natural remanent 

magnetization of all U-channel samples was measured after AF 

demagnetization in 5 mT increments down to a NRM25.  At this point, the 

top 4 drives were subjected to further AF demagnetization in 10 mT 

increments down to NRM80 after which the magnetization intensity 

approached the sensitivity limit of the magnetometer.  The bottom 5 drives, 

which include the excursion interval, were subsampled after NRM25 and 
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subjected to the same AF demagnetization increments using the machine in 

single-sample mode. 

 

Data presented in this paper was processed using the Zplotit Software 

v2009-10 (Acton, 2009).  Principal component analysis (PCA) was performed 

at 1 cm intervals in the U-channels and at 2 cm intervals with the discrete 

samples.  PCA analysis was completed independently for all u-channels 

(Drives 1-9) at 0-25 mT, top u-channels (Drives 1-4) at 0-80 mT, and for the 

discrete samples (Drives 5-9) at 30-80 mT.  A minimum of a four-point fit 

was required for every PCA run. 

 

Anhysteretic remanent magnetization (ARM) and isothermal remanent 

magnetization (IRM) were imparted successively at 100 mT, the former with 

a 0.05 mT bias field.  A seven-step AF demagnetization of each ARM and 

IRM was completed every 20 cm for the discrete samples of this study. The 

majority of samples were only demagnetized at 25 mT. 

 

Hysteresis was measured for the suite of sediment magnetism 

samples using the Princeton Measurements Vibrating Sample 

Magnetometers housed at the University of Minnesota’s Institute for Rock 

Magnetism.  The initial moment (IM) measurement was included for each 

sample to estimate the coercivity of remanence (Hcr).   
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Anisotropy of magnetic susceptibility (AMS) measurements were 

conducted on an additional suite of samples collected from the same 

horizon as those initial samples that exhibited unusually high or low NRM 

inclination.  38 AMS measurements were conducted using a Kappabridge 

KLY-2 housed at the University of Minnesota’s Institute for Rock Magnetism 

and 17 measurements were conducted on the University of Southern 

California’s Kappabridge KLY-4S instrument.  Following the methods of 

Rosenbaum et al. (2000) the hard axis inclination angle was used as a 

determinant for deformation.   

 

Three pilot samples were taken from the cored sediment interval and 

subjected to the magnetic mineral identification scheme outlined in McCuan 

et al. (2010).  Samples were disaggregated and passed through a magnetic 

mineral separator consisting of a bent glass tube with a neodymium magnet 

affixed to the horizontal section of the bent tube (Horton et al., 1984).  Once 

separated the magnetic separates were mounted on a glass slide via an 

adhesive carbon disk and subjected to X-ray diffraction analysis (XRD).  The 

same samples were also examined with a Hitachi S-3400N Scanning 

Electron Microscope (SEM) system equipped with an Oxford Instruments 

INCA energy dispersive x-ray spectrometer.  An elemental mapping program 

was used to search the samples for traces of sulfur.  Any sulfur location was 
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subjected to further scrutiny to screen for the possible presence of 

authigenic greigite. 

 

4 Results 

4.1 Correlation of BB1 and BB3 Cores and Age Control  

 The Summer Lake basin is home to at least 88 tephra layers, many of 

which have been correlated geochemically to tephra from other locations in 

western North America (Davis, 1985; Kuehn and Negrini, 2010).  There are 

three important tephra that bracket the excursion interval; the 46.0 ± 6 ka 

Mt. St. Helens Cy tephra layer (Berger and Busacca, 1995), the undated 

Tephra G, and the 27.3 ± 0.3 14C kyr B.P Wono ash. (Benson et al., 2003), 

that show up in both the original BB1 core as well as the BB3 core (Table 2). 

 

Feature 
BB1 

Depth 
Distance 
Between 

BB3 
Depth 

Distance 
Between 

Wono Tephra 4.42  9.23   
   0.45  0.39 
Tephra G 4.87  9.62   
   3.03  3 
~42 ka 
Unconformity 7.9  12.62   
   3.91  1.08 
Mt. Saint Helens Cy 11.81   13.7*   

 
Table 2:  List of correlation points within the BB1 and BB3 

sediment cores.  *Deposition of the Mt. Saint Helens Cy 
tephra consistent with redeposition rather than primary 
deposition in the BB3 core.  All depths given are measured 
in meters below ground surface. 
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   Volcanic glass from the identified tephra layers was sampled and sent 

for major-, minor-, and trace-element chemical composition by electron-

microprobe.  The results from the Washington State University at Pullman 

Geoanalytical Laboratory are presented in Table 3.  These results were 

compared with the results of Erbes (1996) and the respective analyses are 

also presented in Table 3. 

 

 The Wono tephra layer occurs nearly 5 meters deeper in the BB3 core 

than in the BB1 core.  Nevertheless, the relative spacing between Wono, 

Tephra G, and a new feature that has been labeled the ~42 ka Unconformity 

is consistent in both cores.  Lacking a firm age control above the Wono ash, 

it would appear that the effective sedimentation rate above this point in the 

two cores is drastically different.  Below this point, based on the correlation 

of secular variation features, the sedimentation rate of BB3 is, on average, 

60 cm/ka during the excursion interval; the BB1 core averages 67 cm/ka 

during the same interval.   

 

The Mount St. Helens Cy tephra layer occurs 2.95 m higher in the 

BB3 core relative to the other two tephra than it does in the BB1 core.  

Additionally, the Cy tephra layer in BB3 core is much thinner (<0.5 cm vs > 

6 cm). Furthermore, in the BB3 core it occurs as a layer mixed with detrital  
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sand.   These observations support the conclusion that the occurrence of 

this ash in the BB3 core is a redeposited layer and coring operations were 

halted prior to primary ash deposit recovery.   

  

The age control for the BB3 core has been interpolated from the age 

control presented in Figure 16 of Zic (2001).  The GISP2 chronology of the 

BB1 core is supported by several radiocarbon analyses presented in Table 1 

of Benson et al. (2003b).  These data place the upper excursion prior to ~35 

ka GISP2 age.   

 

 A prominent unconformity within the BB3 core is suggested by major 

lithology and slight color changes at 12.62 mbgs (Figure 3).  Below the 

unconformity, the sediments are massive clays truncated by an erosional 

layer.  Immediately above is a 1 cm thick, moderate to poorly sorted, 

angular to subangular, medium to fine sand that fines upwards.  The clays 

above this sand layer are layered, indicating of higher lake levels.  No other 

evidence of unconformities has been noted below the Wono ash. 

 

4.2 Magnetic Mineralogy and Grain Size 

 The general hysteresis shape and coercivity of the sediments suggest 

the   majority  of  the  magnetic  minerals  are   magnetite  family   minerals  
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BB3 core, Drive 8BB1 core, Drive 9 

 

12.62 
(mbgs) 

7.90 
(mbgs) 

Figure 3:  The ~42 ka unconformity in the BB1 and BB3 cores.  Below the 
conformity the clay is massive while above the unconformity the clay 
is laminated.  This lithology contrast is consistent with a relatively 
shallow Summer Lake prior to a Heinrich 4-aged lowstand.  
Desiccation during the lowstand led to the erosion or deflation of ~2 
ka of sediments. Above the unconformity, laminated Summer Lake 
sediments likely represent a deep water lake associated with 
Interstadial #8 (Zic et al., 2002). 



McCuan 17 
 

 
 
Figure 4:  Randomly chosen (using a random number generator) hysteresis 

diagrams.  Clock wise from the top left, 7.78, 8.81, 9.12, 12.68, 12.28, 
and 11.35 mbgs. The tightness of the loops support psuedosingle 
domain grain size minerals, while loop closure under ± 200 mT 
supports a magnetite family mineralogy (Tauxe et al., 2009).  
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Figure 5:  XRD spectrum of magnetic seperates typical of Summer Lake 

sediments.  The colored bars represent the location and intensity of 
expected XRD spectrum associated with each mineral.    
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(Tauxe et al., 2009) (Figure 4).  XRD results suggested magnetite or 

magnesioferrite as the most likely dominant magnetic minerals (Figure 5).  

SEM petrography showed individual grains with the proper morphology and 

composition of titanomagnetite with a number of grains exhibiting a 

substantial amount of magnesium substitution within the crystal matrix 

(e.g. Figure 6).  Figure 7 is a plot of coercivity of remanence (Bcr) over 

coercivity (Bc) vs. magnetization saturation remanence (Mrs) over 

magnetization saturation (Ms) following the method of  Day et al. (1977) 

modified by Dunlop (2002).  Data from this study suggest the sediments of 

the entire core plot within the pseudosingle domain size region.  The most 

dominant magnetic carrier mineral in the Summer Lake Basin, according to 

the collective results discussed above is dominated by  0.1 to 1 

μm magnesio-titanomagnetite with occasional large multi-domian minerals 

with similar composition.   

 

4.3 Natural Remanent Magnetization 

 Results of principal component analysis are presented in Figure 8.  

The average declination is -2.5° and the average inclination is 60.1°.  The 

declination record was corrected by reorienting the core so that the 

declination for non-excursion intervals averaged 0°.  The resulting 

declination record has a range from a high of 110° to a low of -118°.  The 

inclination ranges from a high of 88° to a low of -37°.  The associated  
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Target mineral 

Figure 6: ~3-4 μm magnetic grain and the resulting SEM-EDX analysis 
showing the major elements of this grain to be Fe, Mg, Ti, and O.  
While the dominant magnetic mineral for this study plots within the 
pseudosingle domain field, occasionally large multi-domain minerals 
can be found.  
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Figure 7: Hysteresis parameters plotted using the method of Day et al. 

(1977) as modified by Dunlop (2002).  All of the BB3 samples plot 
within the pseudosingle domain field (0.01 to 0.1 μm for magnetite).  A 
total of 135 samples were analyzed in this study. 
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Figure 8:  Declination (D), Inclination (I), and Natural Remanent 

Magnetization 25 (NRM25) record for the BB3 sediment core.  Dashed 
lines in the D and I record represent the expected average GAD for 
Summer Lake Oregon.  Wono tephra, Tephra G, and the Mount St. 
Helens Cy tephra locations denoted in red.  The upper 6 m of BB3 
were not subsamples and data depicted is from the 2 cm x 2 cm U-
channels.  The lower 8.5 m were subsampled following a 25 mT 
demagnetization of the parent U-channels.  The discrete data for the 
lower 8.5 m is presented above.  Note the discontinuities in the D and 
I at the ~42 ka unconformity (blue line). 
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average Maximum Angular Deviation (MAD) is ~8° with maximum MAD’s 

~15°.  Representative NRM demagnetization diagrams from the BB3 core are 

shown in Figure 9. Following the full NRM demagnetization, samples 

exhibiting erratic inclinations (extreme   values   or   rapid swings) were 

subjected to AMS.  Samples with a hard axis inclination below 75° were 

eliminated and are not presented within this paper. 

 

The lithologic evidence for a notable unconformity at 12.62 mbgs, 

discussed in section 4.1, is supported by abrupt changes in the NRM data 

at this exact depth; there are major jumps in D (~70°) and I (~20°) at this 

point.  Notably, the unconformity occurs within a drive segment eliminating 

the possibility that the large declination jump could be attributed to 

misalignment of adjacent drives.  

 

4.4 Relative Paleointensity 

 The relative paleointensity (RPI) records for Summer Lake were 

generated using bulk susceptibility (κ), ARM, and IRM as normalizers for the 

NRM following the demagnetization of the respective magnetizations in a 25 

mT AF.  The three RPI records and the associated normalizers are presented 

in Figure 10.  The similarities of the records corresponding to these three 

normalizers support their use as reliable relative paleointensity indicators 

(Tauxe et al., 2009).  RPI  calculations for  this  study  were  achieved  using  
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A C 
B 

D E F 

Figure 9:  NRM demagnetization 
plots from various depths in 
BB3.  A. U-channel data 
from 3.14 mbgs.  B.  Discrete 
data outside the excursions, 
10.01 mbgs.  C.  Mono Lake 
inclination high, 10.10 mbgs.  
D.  Mono Lake inclination 
low, 10.61 mbgs.  E.  
Discrete data between the 
excursions, 11.29 mbgs  

F.  Discrete sample from inside the lower excursion, 12.96 mbgs.  G.  
Inclination low from the lower excursion, 12.90 mbgs. 

G 
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Figure 10:  Comparison of ARM, IRM, and κ as normalizers for intensity.  

The similarity of the three plots supports the use of either normalizer 
for paleointensity calculations (Tauxe et al., 2009).  For magnetic 
concentration: the ARM, IRM and κ are shown here as well.  
Concentrations are higher following H4 and fall to lower levels during 
the MLE. 
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NRM/IRM since both the BB1 and JPC14 records discussed later in this 

paper use this same ratio for RPI. 

 

4.5 Geomagnetic Excursion 

 A waveform that produces excursion-like Virtual Geomagnetic Pole 

(VGP) positions appears from 10.99 up to 9.26 mbgs within the BB3 core.  

The waveform is roughly 1.8 meters long including a 160° degree declination 

swing and an inclination swing of 70°.  Notably, both swings occur within a 

single drive segment. Lack of recovery from 10.05 to 9.72 m at the top of a 

drive segment disrupts this record; however, there is no visual evidence of 

any unconformities within the preserved core.  Throughout this interval the 

core is continuously laminated and lacks any evidence of unconformities or 

bedding disturbance.   

 

Figure 11 depicts a composite VGP of this excursion.  The data 

missing from the core break in BB3 from 10.05 to 9.72 has been replaced 

with the appropriate data from the BB1 core record.  The resulting VGP is 

very similar to the type section MLE in that it occupies the same overall 

space.  When compared to the MLE data from Liddicoat and Coe (1979), the 

VGP’s of both records tend to cluster in the same general area.  Three such 

clusters have been identified in Figure 11.  Clusters 1 and 3 for each locality  
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Figure 11: The VGP plots presented above represent several Mono Lake Excursion 
records.  Clockwise from the top left: Summer Lake composite (black), Mono 
Lake composite (Lund et al., 2005) (Red), MLE VGP clusters, and data from 
Liddicoat and Coe (1979) (purple).    The red circle marks the beginning of 
each record while the yellow circles mark the end of the polarity event.  
Comparison of the VGP clusters from the Summer Lake composite (yellow 
shape with black numbering) and the Liddicoat and Coe (1979) data (tan 
shape with purple numbering) shows that both records have three distinct 
clusters that plot in the same general geographic region (right on top of each 
other for clusters 1 and 3).   
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plot on top of each other and the angular distance between clusters #2 is 

less than 20°. 

 

A second excursion was originally identified within the BB1 core 

below the aforementioned excursion (Negrini et al., 2000; Zic et al., 2002).  

Instead, the secular variation features that occur prior to the 12.62 mbgs 

unconformity have been correlated to the secular variation at the onset of 

the Laschamp Excursion (Figure 12).  In this feature, the declination record 

progresses eastwardly while the inclination record shallows similar to the 

classic LE record shown in the JPC14 core (Lund et al., 2005).   

 

 
4.6 Fidelity of the Summer Lake record 
 
 Figure 12 represents the final correlation model.  As expected, the 

records from the two B&B cores correlate well with each other and with the 

Wilson Creek record during the interval containing the Mono Lake 

Excursion.  Notably, a few short wavelength features (e.g. declination 

features 16.1, 17.1, 17.2, and 17.3, inclination features 14.1, 16.1, 17.1, 

18.1, and 18.2, as well as RPI feature 22.1) that correlate between the BB1 

and BB3 cores do not appear in the Wilson Creek record.  These new 

features are most likely true magnetic field behaviors that were not recorded 

at Mono Lake due to an insufficient sedimentation rate.  
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5 Discussion 

The two excursions within the BB1 core were attributed to the MLE 

(based on waveform morphology and age control)  and LE (based on timing) 

(Zic, 2001; Zic et al., 2002).  While the upper excursion in the BB3 core has 

also been correlated to the MLE, an unconformity at 12.62 mbgs has erased 

the majority of the what chronologically should be the LE.  Comparison of 

the upper excursion in BB1, BB3, and the type section MLE from the Wilson 

Creek Fm. reveal nearly identical declination, inclination, and intensity 

records (Figure 12).  For all three records, the declination swings from ~-60° 

to ~110.  Additionally, the phase relationship between the components is 

consistent; for example, the maximum inclination in all three records occurs 

just prior to the eastern most declination swing.  The relative 

paleointensities (RPI) of the two Summer Lake records closely match the 

Wilson Creek RPI. 

 

The higher frequencies and amplitudes of the directional records 

manifest themselves in the Summer Lake composite VGP plot (Figure 11).  

Generally, the VGPs cluster in several of the same geographic locations as 

the MLE record from Liddicoat and Coe (1979).   VGP cluster #1 plots only 

~40° away from the oldest MLE associated VGP cluster from Cassata et al. 

(2008) and that of Channel (2006) implying the field during the MLE may 

contain a dominant dipole component as supported by Cassata et al. (2008).  
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 It is clear from the above comparison of directional records that this study 

presents a definitive correlation between the upper excursions in the BB1 

and BB3 cores with the excursion from the Mono Lake locality.   Age control 

supports this correlation; the excursion is bracketed by a series of reservoir 

corrected radiocarbon dates in the BB1 core (Benson et al., 2003b) and the 

independently dated Wono tephra (27.3 ± 0.3 14C kyr B.P (Benson et al., 

1997)) in both cores.  For the Wilson Creek, and by direct correlation the 

upper BB excursion, to be the LE as has been suggested by Kent et al. 

(2002) and Zimmerman et al. (2006) one must make two unreasonable 

assumptions.  First, it must be assumed that there is an unconformity 

beneath the Wono tephra that lacks visible and paleomagnetic supporting 

evidence in the BB1 and BB3 cores.  Second, all of the supporting 

radiocarbon ages from the BB1 core must be ignored. 

 

 Based upon the GISP-2 related chronology of Zic (2001) and 

supporting radiocarbon and TL dates, the lower excursion in the BB1 core 

was labeled the LE.  This label was assigned solely on chronological merits; 

the associated waveform did not match any of the previously published LE 

signatures (although the nearest location associated with detailed records of 

the LE is ~4300 km (Blake Outer Ridge—JCP14) from Summer Lake, 

perhaps far enough away for spatial differences in the field to obscure 

correlation of directional features).   
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 Identification of this excursion-like waveform is further complicated 

by the unconformity at 12.62 mbgs, the base of which has been correlated 

to 42.5 ka GISP2 age based upon directional and RPI correlation with the 

JCP14 core.  A re-examination of the BB1 core showed a similar 

unconformity at 7.9 mbgs accompanied by similar abrupt discontinuities in 

declination and inclination.   Based on the correlation of secular variation 

features above and below the unconformity, roughly four-thousand years of 

sediment are missing.  Below this, from ~45 to 42.5 GISP2 ka, both the BB3 

and JCP14 records exhibit a ~30° eastward migration in declination and a 

steady decrease in inclination angle.  Additionally, the two RPI records 

behave similarly. This correlation suggests that classic LE directional and 

paleointensity swings were not recorded in the BB cores because they 

occurred during the four thousand year interval missing at Summer Lake 

due to the unconformity.   

 

Above the unconformity, the BB3 and BB1 inclination records start 

~10° higher than the GAD and continue to decline into the MLE.  The most 

notable departure from the JPC14 record comes with the RPI record.  The 

RPI of the JPC14 record recovers to pre-excursion levels following the major 

declination and inclination swings and then remains consistently high for 

the subsequent 4000+ years.  The RPI of both Summer Lake records 

recovers from the LE low for ~2 ka and then both drop again as they 
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approaches the interval containing the MLE.  The lack of a MLE 

paleointensity low or excursional directions in the JPC14 and several other 

cores suggests that the MLE is only a local geomagnetic field feature, 

although the VGP clusters from Cassata et al. (2008) and Channel (2006) 

would contradict this claim.   

 

VGP clusters 1 and 3 associated with the MLE from BB3 (Figure 11) 

correspond with regions of fast P-wave propagation, regions of near-radial 

flux in the modern magnetic field once stripped if its dipole component, and 

regions associated with field VGP clusters associated with other polarity 

transitions (Jacobs, 1994).  Since no known records of the LE cluster in 

these regions, these VGP clusters further support the existence of the MLE 

as a separate excursion from the LE.   

 

 A Great Basin-wide drought likely associated with Heinrich 3,  (i.e. the 

Wizard’s Beach Recession of Dansie et al., (1988)) complicated efforts to 

locate the MLE across the Great Basin.  During this time period the 

desiccation of most of Lake Lahontan occurred; for example, the water level 

was at or near modern Pyramid Lake levels.  While many of the Great Basin 

lakes experienced low stands during this time period, it appears if the 

Chewaucan Lake level was sufficient to record the MLE both at the 

depocenter (this study) and basin-margin outcrop (Negrini et al, 1984) 
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location.  Sedimentation in the Chewaucan lake did not cease until after 

deposition of the MLE (Negrini and Davis, 1992) 

 

  Other western North America paleomagnetic records that contain the 

MLE have prominent unconformities below the MLE, most notably, the 

Wilson Creek Fm., and in outcrop studies within the Summer Lake Basin 

(Negrini et al., 1984).  These unconformities are likely associated with 

Heinrich 4 and lake level conditions associated with this event were 

significantly lower within the Chewaucan basin than they were during H3 

according to the lake level proxy reported in Zic et al. (2002).  It is thus 

likely that the H4 unconformity is Great Basin wide and that the LE was 

either never recorded in many locations or, more likely was recorded in 

sediments that were subsequently lost to erosion.  The LE most likely is only 

be preserved within the Great Basin in locations with steady enough water 

supplies to have prevented complete desiccation of associated pluvial lakes, 

such as Pyramid Lake (e.g., Benson et al., 2008). 

 

6 Conclusions 

 The new full-vector paleosecular-variation record from the BB3 

sediment core presented here contains one prominent geomagnetic 

excursion and the correlations presented here suggest a recording of the 

secular variation before and after a second excursion.  The lower sensitivity 
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cryogenic magnetometer used to analyze this new core and the similarities 

in amplitude and frequency with the previous record from the BB1 core 

support the previously published directional data as reliable. 

 

 The upper excursion correlates remarkably well with the type record 

MLE (Liddicoat and Coe, 1979; Lund et al., 2005).  The directional 

amplitudes and relative phases are nearly identical (e.g. inclination high 

just prior to the eastern most swing in declination).  The VGP path occupies 

the same general space, and maintains much of the same sense of motion 

and clustering as the type section MLE. The composite record features a 

nearly 3x greater sedimentation rate than the Wilson Creek Fm., producing 

a record with higher frequency signal content. 

 

 As with the BB1 record, the lower excursion-like waveform correlates 

chronologically with the LE, but the main part of the excursion was either 

not recorded in Summer Lake or was eroded as suggested by an 

unconformity in the BB cores.  The correlation suggested in this paper 

presents a partial excursion record truncated by this unconformity with 

first-order directional and intensity relationships pre- and post-

unconformity.   This unconformity, associated with H4, is basin wide and 

likely extends across the Great Basin as well, including the Mono Lake 
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Basin where it is represented by the basal unconformity in the Wilson Creek 

Fm. 

 In conclusion, this research supports the existence of the Mono Lake 

Excursion between 35 and 30 ka and secular variation below and above the 

Laschamp Excursion occurring between 45 and 39 ka.  The secular 

variation waveform of the upper excursion matches the waveform of the 

Wilson Creek Fm. Excursion remarkably well.  Further, there are sufficient 

similarities of the lower excursion waveform with the early part of the LE 

and supporting sedimentary evidence of an unconformity above this part of 

the record support rejection of the hypothesis that the excursion found at 

Mono Lake is correlative to the Laschamp Excursion. 
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Appendix C     
     

 Spceiman 
Name Depth Hard Axis 

Inclination Lab 
  

BB3-I-2A-188 1.88 31.30 USC Removed 
BB3-I-5A-634 6.43 79.40 USC  
BB3-I-5A-694 6.94 82.40 USC  
BB3-I-5A-100 7.08 89.12 IRM  
BB3-I-5B-15 7.23 84.24 IRM  
BB3-I-5B-20 7.28 88.51 IRM  
BB3-I-5B-25 7.33 85.69 IRM  
BB3-I-5B-30 7.38 83.71 IRM  
BB3-I-5B-35 7.43 86.04 IRM  
BB3-I-5B-40 7.48 85.63 IRM  
BB3-I-5B-40 7.53 84.55 IRM  
BB3-I-5B-45 7.58 84.55 IRM  
BB3-I-5B-50 7.63 83.46 IRM  
BB3-I-5B-55 7.68 83.57 IRM  
BB3-I-5B-772 7.72 88.70 USC  
BB3-I-5B-60 7.73 86.92 IRM  
BB3-I-5B-65 7.78 77.75 IRM  
BB3-I-5B-70 7.83 85.84 IRM  
BB3-I-6A-10 7.92 5.16 IRM Removed 
BB3-I-6A-15 7.97 46.65 IRM Removed 
BB3-I-6A-20 8.02 59.46 IRM Removed 
BB3-I-6A-25 8.07 65.81 IRM Removed 
BB3-I-6A-30 8.12 77.22 IRM  
BB3-I-6A-35 8.17 86.84 IRM  
BB3-I-6A-40 8.22 83.16 IRM  
BB3-I-6A-45 8.27 82.63 IRM  
BB3-I-6A-50 8.32 77.74 IRM  
BB3-I-6A-55 8.37 76.40 IRM  
BB3-I-6A-60 8.42 73.98 IRM Removed 
BB3-I-6A-65 8.47 82.16 IRM  
BB3-I-6A-75 8.52 77.78 IRM  
BB3-I-6A-80 8.57 84.08 IRM  
BB3-I-6A-85 8.62 85.01 IRM  
BB3-I-6A-90 8.67 86.90 IRM  
BB3-I-6A-95 8.72 86.02 IRM  
BB3-I-6A-99 8.76 87.79 IRM  
BB3-I-6B-5 8.81 86.96 IRM  
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Spceiman Name Depth
Hard Axis 
Inclination Lab   

BB3-I-6B-10 8.86 87.84 IRM  
BB3-I-6B-15 8.91 76.66 IRM  
BB3-I-6B-20 8.96 85.65 IRM  
BB3-I-6B-906 9.06 77.80 USC  
BB3-I-7A-991 9.91 11.60 USC Removed 
BB3-I-7A-1001 10.01 71.50 USC Removed 
BB3-I-7A-1057 10.57 82.20 USC  
BB3-I-7A-1061 10.61 83.10 USC  
BB3-I-7A-1087 10.87 86.50 USC  
BB3-I-7B-1145 11.45 74.00 USC Removed 
BB3-I-8A-1176 11.76 59.70 USC Removed 
BB3-I-8A-1190 11.9 81.70 USC  
BB3-I-8B-1260 12.6 82.20 USC  
BB3-I-8B-1290 12.9 89.00 USC  
BB3-I-8B-1318 13.18 88.00 USC  
BB3-I-9-1323 13.23 38.50 USC Removed 

 


