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Connections Across the Base of the Seismogenic Zone: Correlated Tremor and 
Seismicity on the Creeping and Locked San Andreas Fault 

 
 

Summary 
 

The discovery of deep-seated tremor in subduction zones and strike-slip faults opened up a 
new window into the complex processes at and below the base of the seismogenic zone. Seismic 
tremor represents the only accessible signal that directly illuminates the deep workings in the 
roots of the San Andreas fault (SAF) and other major fault zones, below the rupture zones of 
great earthquakes. This is one of the most important developments in the field of earthquake sci- 
ence in the last few decades, with clear relevance to processes that initiate the nucleation process 
of large earthquake ruptures. 

It appears likely that both repeating earthquakes and tremors represent the seismic signature 
of  dominantly  aseismic  slip  at  shallow  and  deep  crustal  levels,  respectively  [Nadeau and 
McEvilly, 2004; Shelly, 2010]. As tremor and associated low frequency earthquakes (LFE) ap- 
pear to represent shear failure capable of producing  seismic radiation, a brittle failure model 
seems appropriate. It is possible that very high fluid pressures on discrete fault patches or distinct 
lithologic heterogeneity facilitate slip in an otherwise ductile shear regime. Repeating  micro- 
earthquakes and LFE making up tremor likely take up only << 1 % of the fault surface and total 
moment release. Thus, we interpret changes in occurrence rate of repeating earthquakes and LFE 
to represent transient changes in aseismic slip rate. Changes in background microseismicity in 
the deep fault zones may more generally reflect changes in local stress and stressing rate, so we 
also considered temporal variations in overall seismicity rates deep along the SAF fault zone. 

 

Time-dependent loading suggests time-dependent earthquake hazard [Mazzotti and 
Adams, 2004]. The strongly episodic nature of deep-seated tremor suggests that shallow 
seismicity may also correlate with periods of accelerated tremor and slow slip. For a 9+ year 
period (2001-2011) we investigated the distribution of deep tremor and shallow repeating and 
overall seismicity along the creeping section of the SAF NW of Parkfield, as well as along the 
NW extent of the Cholame segment directly above the tremor and to the SE of Parkfield, 
which last ruptured in the 1857 ~M7.9 Fort Tejon earthquake.  Above the tremor we find that 
seismicity in the overlying seismogenic zone is perturbed by episodic tremor activity that in 
subduction zones is reminiscent of deep slow-slip event (SSE) activiy.  Over a 90 km long segment 
of the SAF above the Cholame tremor and excluding a 1-year aftershock period for the Parkfield 
mainshock, the accumulation of seismicity decreases significantly near the initiation time of the 5 
to 10 day SSEs, remains relatively low during the SSEs’ and shows a marked acceleration after the 
SSEs.  Both the tremor and repeating earthquake activity show a clear co- and post- seismic 
response to the 2004 Parkfield earthquake, but their responses differ in the degree of response, 
depending on their distance from the 2004 event.  To the NW in the SAF creeping section, 3-year 
quasi-periodic slip pulses from repeating earthquakes correspond with delayed 3-year pulses of 
LFE activity. 
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1. Introduction 
 

The discovery of repeating earthquake sequences (RES) and deep-seated tremor opened up 
a new window into the complex processes above and below the base of the seismogenic zone. 
Repeat- ing earthquakes on partially coupled fault zones illuminate details of the seismic and 
aseismic slip distribution in space and time on such faults. Seismic tremor represents the only 
accessible signal that directly illuminates the deep workings in the roots of some active fault 
zones below the rupture zones of great earthquakes. This is one of the most important 
developments in the field of earthquake science in the last few decades, with clear relevance to 
processes that initiate the nucleation process of large earthquake ruptures. 

 

It appears likely that both repeating earthquakes and tremors represent the seismic signa- 
ture of  dominantly aseismic slip at shallow and deep crustal levels, respectively [Nadeau and 
McEvilly, 2004; Shelly, 2010]. As tremor and associated low frequency earthquakes (LFE) ap- 
pear to represent shear failure capable of  producing seismic radiation, a brittle failure model 
seems appropriate. It is possible that very high fluid pressures on discrete fault patches or distinct 
lithologic heterogeneity facilitate slip in an otherwise ductile shear regime.  Repeating micro-
earthquakes and LFE making up tremor likely take up only << 1 % of the fault surface and total 
moment release. Changes in background microseismicity in the deep fault zones may more gen- 
erally reflect changes in local stress and stressing rate, so we also consider temporal variations in 
overall seismicity rates deep along the SAF fault zone. 

 

Time-dependent loading suggests time-dependent earthquake hazard [Mazzotti and Adams, 
2004]. The strongly episodic nature of deep-seated tremor suggests that shallow seismicity may 
also correlate with periods of accelerated tremor and slow slip. We have investigated the 
distribution of deep tremor and shallow seismicity along the creeping section of the SAF NW 
of Parkfield, as well as along the Cholame segment to the SE of Parkfield, which last ruptured 
in the 1857 ~M7.9 Fort Tejon earthquake. 

 

There was some preliminary indication of connections between tremor at depth and 
shallow seismicity in the  Parkfield region. Nadeau and Dolenc [2005] showed evidence of 
correlated rates between tremor and earthquakes in the Cholame region from December 2000 to 
December 2003. In 2004, the long anticipated M6.0 earthquake occurred along the Parkfield 
segment of the SAF, and  intriguing precursory tremor phenomena in the Cholame area (fore-
tremor and low frequency earthquake  migration patterns) were observed before this 
earthquake [Nadeau and Guilhem, 2009; Shelly, 2009]. However, due to the remoteness of the 
available high-resolution borehole seismic stations (i.e., 35 km to the NW at Parkfield), there is 
no well-resolved picture of the mainshock’s relationship with the tremor precursors. The 
Cholame tremor zone is also lo- cated directly beneath what is believed to be the nucleation 
zone of the Fort Tejon earthquake (Figure 1). Recently Akçiz et al. [2010] reported that the 
recurrence intervals of large earthquakes occurring on the Carrizo Plain segment of the SAF, 
just S of Cholame, are more variable and much shorter than previously thought, and may be as 
short as 40-140 years. 

 

The relative ease with which tremor is triggered by a range of external stress changes suggests 
that lower crustal slip transients are commonly caused by far-field interactions. Tremor at Park- 
field was triggered by teleseismic surface waves from distant events [Gomberg et al., 2008; Peng 
et al., 2009], by static stress changes from nearby regional earthquakes [Nadeau and Guilhem, 

2009], and by small tidal stress cycles [Thomas et al., 2009]. The tidally induced shear stress 
parallel to the SAF, while of much smaller magnitude (~ 100 Pa) than tidally induced normal 
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stress changes (~1000 Pa), has the most robust correlation LFE within the 3-year pulsing region. 
1984-2005 RES  slip  rates  (cm/yr) are in green. RES rates are aver- aged over the 36 
sequences occur- ring  between  65  and  85  km  NW (Figure 1). Activity rates of 2 LFE 
sequences within this segment are shown  in  blue.  Gray  vertical  line shows time of a 
sensitivity increase in  the LFE data resulting from im- with non-volcanic tremor near Park- 
field. The dominant role of small shear-stress perturbations in stimulating the tremor is indicative 
of  a  very  weak  fault  zone  with  extremely  low  effective  normal  stress,  likely  due  to  near- 
lithostatic pore pressures in the tremor source region. Coupling these observations with the loca- 
tion of the tremor on deep, roughly-planar zones [Shelly et al., 2009], we favor the conjecture 
that tremor at Cholame represents shear failure within a weak, critically-stressed SAF zone ex- 
tending to the base of the crust. Triggered or spontaneous slow slip transients at depth produce 
small stress increases on the shallow fault. If shallow seismicity shows correlated behavior with 
deep-seated  tremor activity then our view of fault system dynamics needs to take deep-seated 
transient behavior explicitly into consideration. 

While this segment of the SAF system is currently the only one with well documented 
ambient tremor activity, the discovery of triggered tremor elsewhere in California [Gomberg 
et al., 2008] and of ambient tremor on the San Jacinto fault [Gregor Hillers, pers. comm. 
2010] suggests that deep transient slow slip and tremor is likely a common aspect of fault 
system dynamics. In this project, we compared the time dependence of occurrence of shallow 
microseismicity and deep tremor to explore the connections of fault behavior across the base of 
the seismogenic zone. We expanded the catalog of repeating earthquake sequences (RES) 
along the central SAF up to 2011 and identified additional RES further SE along the NW extent 
of the Cholame segment.  

 
Results on Seismicity and Tremor Activity 

Though their depth is great, the dimensions of the Parkfield episodic tremor zone is large 
(Fig. 1), and at some level one might expect seismicity in the overlying seismogenic zone to be 
perturbed at the time of the tremor episodes. Fig. 2 shows evidence for this in the stacked behavior 
of seismicity before, during and after the episodes. Over a 90 km long segment of the SAF and 
excluding a 1-year aftershock period for the Parkfield mainshock, the accumulation of seismicity 
decreases significantly near the initiation time of the episodes, remains relatively low during the 
episodes and shows a marked acceleration after the episodes.  These features become more 
pronounced with increasing magnitude and are robust among data subsets.  Fig. 2 (bottom) also 
shows that the seismicity response is also asymmetric with respect to the episode zone.  Southeast 
of the zone (i.e., within the locked Cholame segment of the SAF), seismicity shuts down following 
the episodes and fails to recover until ~ 20 days after the episodes.  To the northwest along the 
Parkfield segment, seismicity mimics the pattern of overall cumulative activity with larger events 
occurring more frequently after the episodes, including all three of the M ≥ 4.0 events occurring 
throughout the entire non-aftershock study period.  Understanding the underlying mechanics of this 
behavior will require additional modeling and statistical significance tests. Nonetheless, the 
correlation of NVT episodes with seismicity perturbations supports our interpretation of the 
episodes as manifestiations of deep slow slip events on the SAF. 

Results on Repeating Seismicity and LFE Activity 
  The large population of RESs, tremor and associated LFE on the SAF at Parkfield provides a 
unique opportunity to examine changes in slip rate on the shallow and deep fault zone. A charac- 
teristically repeating micro-earthquake sequence is defined as a group of events with nearly iden- 
tical waveforms, locations, and magnitudes and thus represents the recurring rupture of the same 
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fault patch surrounded by aseismically slipping fault. Their frequency of recurrence can also be 
used to infer fault slip rates throughout the seismogenic zone [Bürgmann et al., 2000; Nadeau and 
McEvilly, 1999; 2004]. In the study region transients in these RESs’ inferred slip rates exhibit 
systematic behavior and have been shown to correlate with the occurrence of larger (M>3.5) 
earthquakes and surface creepmeter measurements [Nadeau and McEvilly, 2004]. In particular, 
quasi-periodically recurring pulses of aseismic slip with 3-year durations have been identified in 
the NW of the SAF creeping section (NW of 72 km in Fig. 1), and these transients provide 
important constraints on the connection between processes in the lower crust were tremor/LFE 
occurs and in the upper crust where regular earthquakes are found. Fig. 3 shows a comparison 
between rate information for deep LFE and RES activity within this 3-year pulsing zone.  Though 
the period of overlap between the two event types is still somewhat limited, our time extension of 
the RES inferred slip shows clear evidence of a general 3-year quasi-periodic pattern, though the 
LFE pattern reflecting deep aseismic SAF-slip beneath the seismogenic zone apparently lags the 
quasi-periodicity in the seismogenic zone by about 1 year.  
 

Conclusion 
 Our results show clear evidence of a connection between patterns of seismicity and 
aseismic slip in the brittle and ductile sesimogenic and sub-seismogenic zones, respectively. 
These correlated patterns, however, are not easily interpreted with simple, straight forward 
model, and additional investigation to determine a physical connection between the observables 
will be required.  Our observations provide a reasonable starting point for such investigations. 
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Fig. 1. Location of well-located NVT 
activity (black dots), LFE (colored 
dots), and select segments of Repeating 
earthquakes (inverted triangles) in 
central California. The LFE families 
(circles) are color-coded by the degree 

to which their episodic behavior is similar 
to the episodic behavior of the overall 
tremor (β-coefficient, red: most similar, 

blue color: least similar). The stars indicate 
the locations of the epicenters of the 
2003 San Simeon and 2004 Parkfield 
earthquakes. Seismicity between 2001 

and 2010 from the ANSS catalog is shown 
(gray).  a) Map view.  b) Along SAF 
projection.  Red box delineates 25 km 
long source region of episodic 
component of the tremor and 
corresponds in along fault position to 
the orange segment shown in Fig. 2.  

Blue horizontal bar shows 90 km SAF 
segment from which the 
seismicity in Fig. 2 was taken. 
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Fig. 2.  Fifty-day period stacks of local 
seismicity (M >= 1.4) occurring 25 days 
before through 25 days after the peak 
activity of 44 of tremor episodes (excluding 
episodes whose 50-day periods overlap with 
the 2004 Parkfield mainshock and 12 mo. 
aftershock period).  2860 days of the entire 
3295 day study period are represented.  
Seismicity is within a box 90 km along SAF 
strike and 15 km wide centered above the 
Cholame tremor zone.  (Top) cumulaive 
seismicity over the 50 days (top) as a 
function of minimum magnitude.  Dashed 
lines are typical 10-day duration periods of 
the tremor episodes.  (Bottom) Seismicity as 
a function of time, along fault position and 
magnitude (symbol size).  White are 
seismicity between M 1.4 and 2.7.  Colored 
circles are >= M2.8 seismicity with red 
indicating seismicity >= 4.0.  Orange bar is 
position of 25 km segment where episodic 
component of tremor occurs.  Green is 
stacked moment rate function of the tremor 
episodes.  
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Fig. 3.  Rate changes of repeating earthquake inferred slip (green, cm/yr) and time shifted 

LFE activity within the 3-year pulsing region from 1984-2011.  Smoothing window (black 
horizontal bar) is 0.8 years. RES rates are averaged over 36 sequences occurring  between  75  
and  95  km  NW (just off the northern extent of Figure 1). LFE activity rates (in number of 
LFEs/110) from 2 LFE sequences within this segment are shown in blue.  LFE rates are shifted 1-
year earlier than actual time. LFE pulsig shows similar periodicity with the overlying repeating 
quake inferred slip, but are delayed in time be 1-year. 
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Intellectual Merit: An improved understanding of the spatially and temporally varying deformation 
field of fault zones to great depth is critically important for understanding active tectonics, fault-
fault interaction and the occurrence of large earthquakes.  Unique to the Parkfield region of 
California is the combination of a rich historic data set, the recent deployment of EarthScope 
instrumentation, fault complexity, and a variety of natural transient phenomena occurring 
throughout the crust that, in effect, make this section of the San Andreas fault system a natural 
laboratory for attaining this objective. The proposed research analyzes, integrates and interprets 
tremor and seismicity data in this region to investigate the underlying architecture and mechanics 
of the faulting process.  Modeling of repeating earthquake data is used to resolve the 4-
dimensional distribution of slip in the upper crust. We conducted a systematic and detailed study 
of the spatial and temporal association of seismic and tremor events. Non-volcanic tremor 
episodes provide unique information on transient activity in the deepest reaches of the Earth’s 
crust.  We are particularly interested in exploring the nature of interactions between seismic and 
aseismic deformation processes that occur in various depth ranges of the fault zone. Fault slip is 
tied to the mechanical properties of the fault zone rocks and adjoining crustal blocks and the long 
baseline of preexisting data will be used to investigate possible relationships among cumulative, 
long-term, and short-term transient slip behavior.  

Broader Impacts: Results from this work have allowed us to assess the role of aseismic fault slip 
transients in earthquake occurrence and clustering. Long-term societal benefits might ultimately 
arise from improved understanding of aseismic slip transients, their relation to regional strain 
anomalies, and improved models of the earthquake cycle that should improve earthquake 
forecasts and intermediate to longer-term predictions. 
This project has provided partial support for an undergraduate research assistant (Ryan Turner). 
For this purpose we developed suitable research “sub-projects”. The projects will be developed as 
honors theses for the student, which will strongly increase his prospects for graduate school 
applications. Bürgmann will incorporate issues and results from this work in his undergraduate 
teaching, including lecture material in EPS150 Case Studies in Earth Sciences, EPS116 Structural 
Geology and Tectonics (this course includes sections on fault mechanics and seismicity), as well 
as a graduate course EPS216 Active Tectonics which includes numerous case examples from the 
San Andreas fault zone in lectures on crustal deformation and seismicity. 

 


