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Keypoints: 

- Independent Component Analysis of GPS time series highlights slip transients along the San Andreas 
Fault after the 2004 M6 Parkfield event 

- We document the spatio-temporal distribution of seismic and aseismic slip history.  

- Slow slip events are more frequent during the 2004 M6 event post-seismic than the subsequent 

interseismic period 
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Abstract 

The Parkfield segment of the San Andreas Fault (SAF) sits at the transition between the locked 

Cholame segment to the South and the SAF creeping segment to the North. The Parkfield 

segment hosts regular ~𝑴𝒘 6 earthquakes followed by postseismic deformation. Recent 

studies based on geodetic data have highlighted spatial and temporal variations of aseismic slip 

rate in addition to postseismic slip along this section of the fault. We combine Global Navigation 

Satellite Systems (GNSS) and seismicity data over the 2006-2018 period to detail a 

comprehensive picture of transient slip events. We produce a catalog of relocated seismicity 

and repeating earthquakes. We use a variational Bayesian Independent Component Analysis 

(vbICA) decomposition on GNSS data to separate geodetic deformation due to non-tectonic 

sources from signals of potential tectonic origin. We then reconstruct the temporal evolution 

of fault slip and detect potential slip transients. Those events, determined as mostly aseismic 

with the exception of one related to a 𝑴𝒘4.8 earthquake, occur more frequently during the 

2004 𝑴𝒘 6 post-seismic period than during the subsequent inter-seismic phase. Our study 

illustrates the rich dynamics of seismic and aseismic slip during both post- and inter-seismic 

periods along active faults. 

Keywords: Parkfield, Post-seismic deformation, slow slip events, variational Bayesian 

Independent Component Analysis, repeating earthquakes 
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Plain Language Summary 

Faults can slip abruptly, generating earthquakes and seismic waves, or slowly and aseismically. 

Such a slow motion has now been observed along multiple active faults and is recognized as one 

of the important processes influencing the Earth’s crust stress field. Aseismic slip interacts with 

earthquakes, and monitoring its time evolution on faults help us in better modeling the seismic 

cycle. Here we focus our attention on the Parkfield fault segment, sitting along the San Andreas 

Fault in California in between a section that generated a large earthquake (M7.9) in 1857 and a 

150-km-long central creeping section that slips aseismically. We dig in noisy time series of surface 

displacements measured by GNSS (Global Navigation Satellite System) to detect and model small 

variations of aseismic slip rate (10-100 mm/yr) along the fault. We find multiple candidate slow 

slip events during the period following the 2004 Parkfield earthquake, confirming and expanding 

previous independent observations. While aseismic slip following earthquakes was first thought 

to be a steady release of tectonic stress, we show that, in Parkfield, it is evolving with sudden 

jumps and slowdown.  
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1. Introduction 

At plate boundaries, interseismic surface strain can be interpreted in terms of fault coupling (i.e. the extent 

of kinematic locking of a fault) and allows to infer where a fault is prone to release elastic energy through 

slip, either seismically or aseismically (e.g. Avouac, 2015; Bürgmann, 2018). However, such interpretation 

does not account for temporal variations in slip rate, though frequently observed in various seismo-

tectonic contexts and at different spatial and temporal scales (Jolivet & Frank, 2020, and references 

therein). Long-term (>1 yr) variations of interseismic coupling have been detected in Sumatra, Parkfield 

and along the Cascadia subduction zone (Barbot et al., 2013; Materna et al., 2019; Tsang et al., 2015). On 

shorter time scale (<1 yr), slow slip events (SSEs) have been observed in areas previously thought to be 

either locked or slipping continuously, both in subduction zones (e.g. Dragert et al., 2001; Hirose et al., 

1999; Michel et al., 2019a) and along strike-slip faults (e.g. Jolivet et al., 2013, 2015; Khoshmanesh & 

Shirzaei, 2018; King et al., 1975; Rousset et al., 2016, 2019). 

In some regions, the short duration of these transient slip events (days to months) and the associated 

small surface deformation (mm level) makes them difficult to detect and describe their dynamics (e.g. 

Cascadia). Furthermore, the relatively short duration of observation periods, from both a geodetic and a 

seismological perspective, restricts the maximum time-scale over which we can observe such events and 

ultimately the number of events that we can capture. On the other hand, new methods are being 

constantly developed to dig into existing data in order to extract increasingly smaller and shorter aseismic 

slip events along faults, taking advantage of the combination of seismic and geodetic data (e.g. Frank, 

2016; Rousset et al., 2019) or of the improvement of geodetic data collection strategies (e.g. Benoit, 2020, 

PhD thesis; Hussain et al., 2016; Rousset et al., 2016). All these new observations point towards a rich slip 

dynamics, illuminating the underlying physical processes governing fault slip (Jolivet & Frank, 2020). 
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We consider a ~60-km-long section of the San Andreas Fault near Parkfield (hereafter referred to as the 

Parkfield segment) at the transition between the section (hereafter called the Cholame segment) that 

hosted the 𝑀7.8 Fort Tejon earthquake in 1857 (Lienkaemper, 2001; Sieh, 1978; Zielke et al., 2010) and 

the 150-km-long section that slips aseismically at an average rate of ~35 mm/yr (Figure 1.a; Meade & 

Hager, 2005; Sieh & Jahns, 1984; Titus et al., 2006; Tong et al., 2014; Jolivet et al., 2015a). The Cholame 

segment slipped on average ~3.5 m during the 1857 Fort Tejon earthquake (Lienkaemper, 2001; Sieh, 

1978; Zielke et al., 2012) and is considered locked from the brittle-ductile transition zone to the surface 

since then. The Parkfield segment is partially locked and hosts ~𝑀6 earthquakes at least since 1857 with 

an average recurrence time of 24±9 yrs (e.g. Michel et al., 2018; Sieh, 1978; Toppozada & Branum, 2004, 

Jolivet et al., 2015a; Maurer & Johnson, 2014; Wang et al., 2014). The latest event occurred in 2004 and 

was followed by postseismic deformation partitioned between afterslip on the fault and deeper (>20km) 

viscoelastic relaxation (e.g. Bruhat et al., 2011). Coseismic slip was mainly constrained between 5 and 10-

km-depth, potentially extending south within the Cholame segment (Inbal & Ziv, 2020). Afterslip and 

aftershocks surrounded the coseismic rupture (Figure 1.a; e.g. Barbot et al., 2009; Bruhat et al., 2011; 

Johanson et al., 2006).  

In addition to these recurrent earthquakes, transient slow events and seismic activity have been detected 

along the Parkfield segment of the SAF. Early in the 90’s, from two-color electronic distance meter, Global 

Navigation Satellite System (GNSS), creepmeter and strain meter data, a ~𝑀5.6 SSE spread between 

October 1992 and December 1994 was detected in Parkfield (Gao et al., 2000; Gwyther et al., 1996; 

Langbein et al., 1999; Linde et al., 1996; J. R. Murray & Segall, 2005; Nadeau & McEvilly, 1999). This 2-year-

long slow slip event, located between 2 and 12-km-depth, was accompanied by an increase in 

microseismicity. At deeper depths (below 15-km-depth), Rousset et al. (2019) detected transient slip 
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events (~𝑀4.9) using a geodetic matched filter technique applied on portions of GNSS time series, guided 

by the occurrence of bursts of Low Frequency Earthquakes detected within continuous seismic records 

(LFEs; Figure 1.b; Shelly, 2009, 2017, Frank, 2016). Based on the spatio-temporal clustering properties of 

LFEs, Tan & Marsan (2020) estimated 𝑀𝑤1.5-5.1 transient events which shares similar characteristics with 

earthquakes (e.g. moment-frequency, moment-area and moment-duration scaling laws). At shallower 

depths, variations of aseismic slip rate were documented between 1993 and 2010 north of Parkfield using 

Interferometric Synthetic Aperture Radar (InSAR) time series (Bacques et al., 2018; Khoshmanesh & 

Shirzaei, 2018; de Michele et al., 2011). The fluctuations of inter-event time of repeating earthquakes 

(REQs), used as a proxy for slip rate fluctuation, also confirm the occurrence of the 1992 SSE mentioned 

previously (Nadeau & McEvilly, 1999) and are consistent with the occurrence of transient events in 2008 

and 2010 located north of Parkfield (Turner et al., 2015).  

It therefore appears that, from depths below the brittle-ductile transition to the surface and over a wide 

range of temporal scales, from seconds to years, the SAF at Parkfield releases stress repeatedly through 

slow slip episodes. However, published studies either focused on a single event (e.g. Murray & Segall, 

2005), followed closely slip at the surface (0-1 km, Khoshmanesh & Shirzaei, 2018) or at greater depths 

(15-30 km, Rousset et al., 2019), but no study has focused on extracting a catalog of slow transient events 

between the surface and the brittle-ductile transition depth from the noise of existing geodetic time series.  

We use daily GNSS and seismicity data over the 2006-2018 period to detail patterns of episodic transient 

slip. We extract transient slip events that lie hidden within GNSS time series of displacements, using a 

variational Bayesian Independent Component Analysis (vbICA) decomposition (Gualandi et al., 2016) to 

separate geodetic deformation due to non-tectonic sources from signals of potential tectonic origin and 

isolate the signature of transient slip events. This technique has been applied to extract various sources of 

deformation (SSEs, afterslip, visco-elastic relaxation, and hydrological deformation) from geodetic time 

series (Gualandi et al., 2017, 2020; Larochelle et al., 2018; Michel et al., 2019a; Serpelloni et al., 2018). We 
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then invert the tectonic signal for slip on the fault and estimate a time series of moment release rate to 

identify the main slip events (either seismic or aseismic) over the 2006-2018 time period. We compare the 

transient, potentially tectonic, events with the microseismic activity from an extended repeating 

earthquake catalog of the creeping segment of the SAF and discuss the implication of such transient slip 

behavior. 

In Section 2, we introduce the different data sets used in this study. In Sections 3 and 4, we describe the 

decomposition of the GNSS signal and the inversion procedure. In section 5, we explain the detection of 

the main potential events. In Section 6, we analyze and compare each potential detected event with 

microseismicity data. Further discussion concludes this study. 

 

2. Data 

2.1. GNSS data 

The GNSS data used in this study are taken from the MEaSUREs program, which provides daily position 

time series acquired by UNAVCO (Network of Americas project) and processed by the Jet Propulsion 

Laboratory (https://cddis.nasa.gov/archive/GPS_Explorer/archive/, downloaded on September 13th, 

2019; Noll, 2010). Those time series have been corrected for outliers, and coseismic and non-seismic 

offsets, and thus correspond to the “Cleaned Trended” product. We select GNSS stations within 25 km 

of the San Andreas Fault to avoid signal contamination from local anthropogenic sources in the Central 

Coast and Central Valley. Near Parkfield, most stations have been installed after the M6 earthquake 

in 2004 and the number of stations is relatively stable from 2006 onwards. We will therefore focus on 

the 2006-2018 period. We group GNSS sites in two sets of stations. The first set includes stations near 

the Parkfield segment (yellow dots in Figure 1.a) and is used to extract the tectonic signal in this 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

relatively small area (𝑁𝑃𝑎𝑟𝑘𝑓𝑖𝑒𝑙𝑑 = 34 stations, Table S1). The second set is an extended selection of 

stations, including sites along the whole central SAF area (yellow and blue dots in Figure 1.a). This set 

covers an area large enough to extract common mode signals from the time series (𝑁𝐸𝑥𝑡𝑒𝑛𝑑𝑒𝑑 = 61 

stations, Table S1 and S2).  

We only use the horizontal components of the time series (East and North direction) because we 

expect mostly horizontal tectonic signal related to strike slip along the SAF and because of the high 

level of noise of the vertical component (approx. 3.5 mm of standard deviation compared to 1.1 mm 

for the horizontal components). Our data set therefore includes 𝑀1 =122 and 𝑀2 =68 time series 

for the extended and focused selection, respectively, and the total number of observed epochs is 𝑇 = 

4502 (i.e. more than 12 years with daily estimates from 2006 to 2018).  

We remove a secular trend to each time series, using a trajectory model accounting for a secular trend, 

two seasonal terms (annual and semi-annual), and instrumental and co-seismic offsets (Text S1). For 

the Parkfield station network (yellow dots in Figure 1), we include an additional term for postseismic 

relaxation, defined as an exponential function following the 2004 𝑀6 earthquake. Since we begin our 

analysis in 2006 (2 years after the 𝑀6 earthquake when the number of stations from the GNSS network 

is stable), we assume the time series to return, at some point within our observation period, to the 

average pre-seismic, interseismic rate of motion. Our estimate of the secular trend at each site 

therefore mostly depends on the later period in our analysis (i.e. after 2011). Figure 2 shows examples 

of time series before and after detrending. The time series we decompose afterwards using vbICA 

hence include all signals of deformation but the interseismic signal (i.e. the secular trend). Potential 

slow slip events will appear as deviations from the interseismic rate of motion, similarly to slow slip 

events in subduction zones (e.g. Materna et al., 2019; Michel et al., 2019b, 2019a).  
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2.2. Seismicity Data 

We use the instrumental seismicity catalogue from the ANSS Comprehensive Earthquake Catalog 

(ComCat) (https://earthquake.usgs.gov/earthquakes/search/). We select events from 1984/01/01 up 

to 2018/12/31, with a minimum magnitude of 0, in the vicinity (<20 km) of the San-Andreas fault along 

the Parkfield segment. We relocate 15,247 events using HypoDD double-difference method 

(Waldhauser & Ellsworth, 2000) with a 3D velocity model of the Parkfield area (Thurber et al., 2006). 

Events, starting from 2006, are shown in Figure 1.b. The magnitude of completeness of events 

occurring after 2006 is estimated equal to 0.6 using the Maximum curvature method (Wiemer & Wyss, 

2000). Those events are then clustered into sequences of repeaters. At the end, 9,680 events are 

grouped into 1471 repeating earthquake sequences of at least 2 events, each forming a set of events 

sharing a similar waveform. Repeating earthquakes, starting from 2006, are shown in Figure 1.b. The 

whole procedure of relocation and event clustering is described in detail in Text S2. 

We directly take the Low Frequency Earthquake catalog from Shelly, 2017. Based on a matched‐filter 

search (Shelly & Hardebeck, 2010) of continuous seismic data (from the High‐Resolution Seismic 

Network), 1,045,627 events were detected from a set of 88 waveform templates. The catalog 

documents the evolution of LFE activity of 88 families between 2001 and 2016. We isolate two groups 

of LFE families identified by the green dots with red and light blue contours in Figure 1.  

 

3. Signal extraction from GNSS position time series 

3.1. vbICA Algorithm 

We use a signal decomposition technique based on a Variational Bayesian Independent 

Component Analysis (vbICA; Choudrey & Roberts, 2003; Gualandi et al., 2016) to attempt to 

https://earthquake.usgs.gov/earthquakes/search/)
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separate the deformation signals due to tectonic sources from the non-tectonic ones in the GNSS 

detrended position time series. We organize the GNSS detrended position time series 𝑋𝑜𝑏𝑠 in a 

𝑀 × 𝑇 observation matrix (𝑀 is the number of time series and 𝑇 the number of epochs). We 

assume that surface displacements result from a limited number of crustal deformation processes 

𝐿 (also referred to as sources), including tectonic (e.g. afterslip, slow slip events) and non-tectonic 

(e.g. hydrological loading) sources. We further assume that surface displacement is a linear 

combination of the displacements produced by each source: 

𝑋𝑜𝑏𝑠 = 𝐴𝛴 + 휀, (Eq. 1) 

where 𝛴 is the sources matrix, 𝐴 the weight of each source (also called mixing matrix) and 휀 the 

noise, here assumed to be zero-mean Gaussian noise. Each row of 𝛴 represents the temporal 

evolution of a given deformation process. Each column of 𝐴 represents the spatial distribution 

associated with a given source. It follows that 𝛴 has size 𝐿 × 𝑇, while 𝐴 has size 𝑀 × 𝐿. 

Just like other multivariate statistical techniques such as PCA, the goal of ICA is to reduce the 

dimensionality of the dataset. By considering each observed time series as a sample realization 

of a random variable (rv), i.e. considering each row of the 𝑋𝑜𝑏𝑠  matrix as a rv, we attempt 

extracting 𝐿  rvs (also referred to as dominant modes or components) to explain the 𝑀  time 

series. In other words, we aim to find a reduced number of rvs 𝐿 < 𝑀 to represent the original 

data. The new rvs can be linearly combined to retrieve 𝑋𝑜𝑏𝑠 and are hereafter referred to as 

Independent Components (ICs) because we use an algorithm that solves the blind source 

separation problem described in Eq. 1 trying to minimize the misfit with the data while keeping 

the sources in the matrix 𝛴 as much statistically independent as possible. 
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In particular, we use the variational Bayesian approach described by Choudrey 2002 to obtain this 

new set of rvs. Effectively, we use a generative model to model the 𝑀-dimensional data with a 

set of 𝐿 new rvs, each of these rvs being modeled by a mixture of Gaussians (Choudrey, 2002). 

Instead of minimizing an approximated version of the mutual information between (or 

maximizing the negentropy of) the components, we impose the independence in the assumptions 

of the generative model, introduce an approximating probability density function (pdf) for the 

model parameter to mimic the true posterior pdf of the model, and try to minimize the 

dissimilarity between this proxy pdf and the true (unknown) posterior via a variational approach. 

To do so, the algorithm uses an Expectation-Maximization iterative search that updates the 

mixtures of Gaussians iteratively. To initialize the model we have to set some hyper-parameters, 

which control the shape of the described rvs. We use loose a priori hyper-parameters in order to 

let the algorithm adapt to the data (see Table S3 for the details). We refer readers to Text S3, as 

well as Choudrey & Roberts (2003) and Gualandi et al. (2016), for further details on the vbICA 

technique and its use for geodetic time series analysis. 

We highlight here that the temporal evolution associated with each mode or component is not a 

priori imposed, but extracted from the data to fit the observations while the sources are kept as 

statistically independent as possible. In this study, for visual purposes, we normalize the 

components 𝛴𝑖 between 0 and 1 so that 𝐴𝑖  can be interpreted as the spatial pattern of maximum 

displacement of each component with 𝑖 = 1, … , 𝐿.  

In terms of interpretation, it is important to note that an ICA seeks to separate statistically 

independent contributions of stationary sources within the time series data, i.e. the mixing matrix 

does not depend on time and each single independent component has thus a spatial pattern that 

does not change with time. Consequently, the potentially complex spatiotemporal behavior of a 

natural process, such as a moving source, will lead the ICA to separate a single physical process 
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into multiple components (Larochelle et al., 2018; Michel et al., 2019), reducing the physical 

interpretability of the components if taken individually. Additionally, even though vbICA seems 

an efficient method in separating cleanly sources (Gualandi et al. 2016), cross-talk between 

independent components remains a possibility.  

 

3.2. Common Mode Signals Extraction 

To isolate tectonic signals from the non-tectonic ones, we perform two successive 

decompositions on our set of observations. 

In the first decomposition, we estimate common mode signals, which are displacement signals 

relatively uniformly distributed across all stations within a given network, often considered to be 

related to unresolved issues in GNSS processing or large scale seasonal effects such as surface 

loads and reference frame oscillations (a list of potential sources of seasonal signals can be found 

in Chanard et al., 2020). We use the extended selection of GNSS stations (yellow and blue dots in 

Figure 1) to ensure that local tectonic signals of interests will not be included in our estimates of 

common modes. 

The number of extracted components is chosen using the same methodology as Gualandi et al., 

2016. Four independent components are needed, and we interpret the first and second as 

common mode signals: the pattern of displacement of the stations reconstructed by these two 

components compares to a simple horizontal translation with seasonally modulated amplitude 

(Figure 3.a and b). The third component shows the expected post-seismic decay following the 

2004, 𝑀𝑤6, Parkfield earthquake (Figure S1), flattening out in the long-term since the series have 

been detrended. The fourth seems to be linked to seasonal and multiannual deformation (Figure 
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S1). We hence correct the initial dataset 𝑋𝑜𝑏𝑠 for the displacement associated with the first two 

components.  

 

3.3. Tectonic component extraction 

We then apply the vbICA algorithm to the corrected time series of displacements to isolate 

sources related to tectonic processes within the Parkfield area. We select only the GNSS stations 

close to Parkfield (yellow dots in Figure 1) to avoid any contamination of potential sources from 

the North. The hyper-parameters a priori used for this decomposition are different than the first 

one (see Text S4 for discussion and Table S3). The number of extracted components (10 

components) is chosen using a methodology similar to Gualandi et al., 2016. We attribute 7 

components to either slip on the fault or temporal seasonal variations (Figure 3), while the 

remaining 3 components are interpreted as noise (Figure S2).  

Component 1 is clearly related to slip on the fault, characterized by the asymmetric spatial pattern 

relative to the SAF (Figure 3.c). Components 2 and 3 (Figure 3.d and e) are noisier but their spatial 

patterns potentially show asymmetric spatial features to a certain extent (see Supp. Figure S3 for 

interpretation). Component 4 asymmetric spatial pattern is even less clear, but this component 

is only active just before the surge in displacement explained also by component 1 and 3 in 2017 

(Figure 3.f and S3.b).  We note that the post-seismic relaxation of the 2003 San Simeon 

earthquake might affect some of the GNSS time series, deviating slightly some components 

towards San Simeon earthquake epicenter, and we cannot dissociate the 2004 Parkfield 

postseismic displacements from those of the San Simeon earthquake.  

Components 5, 6 and 7 each show a seasonal modulation, hence we associate these with non-

tectonic seasonal sources of deformation (Figure 3.g, h and i).  In order to identify potential 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

physical causes for these seasonally modulated components, in the supplementary material (Text 

S5), we compare these 3 components with the deformation induced by continental water mass 

variations estimated from satellite gravity records acquired by the Gravity Recovery and Climate 

Experiment (GRACE) (Tapley et al., 2004; Larochelle et al. 2018). We find that seasonal 

hydrological loading could explain the behavior of component 5. The origin of the components 6 

and 7 are unknown but could possibly arise from other non-tectonic effects which are not 

explored in this study (e.g. thermal strain (Xu et al., 2017), poro-elastic effects (Jónsson et al., 

2003; Nespoli et al., 2018) or more local hydrological processes (e.g., Serpelloni et al., 2018; 

Pintori et al., 2021)). We note that component 7 has to a certain extent an asymmetrical spatial 

pattern, however, we do not consider it further due to its seasonal temporal behavior. 

The other 3 components retrieved from the 2nd application of the vbICA on GNSS data do not 

show any spatial or temporal consistency, which leads us to consider these as noise or related to 

local effects (Figure S2). These components explain 6% of the time series variance while 

components 5, 6 and 7 (i.e seasonal effects) explain 7% of that variance. The components we 

potentially attribute to slip along the SAF explain 62% of the data variance (see Table S5).  

Component 1 is quite obviously related to tectonic deformation and especially to post-seismic 

slip. Components 2, 3 and 4 might be as well but are less convincing although we cannot exclude 

them. Therefore, surface displacements due to slip along the SAF might correspond to any of the 

8 possible combinations of the components 1 with the remaining 2, 3 and 4. We show in Figure 2 

the reconstructed time series for stations CAND and LAND for the sole component 1 while Figure 

S4 includes the reconstructed time series for all the stations using all 4 components. In the 

following sections we will examine the impact of each component on the detection of transient 

events.  
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4. Kinematic model inversion 

For each of the 8 aforementioned scenarios, we model the variations in slip rate, 𝛿ሶ(𝑡), relative to the 

average interseismic slip rate, 𝛿ሶ
𝑖 , over the 2006-2018.4 time period using the reconstructed time 

series of displacement. The applied methodology will be the same for each scenario. Variations of slip 

rate include the post-seismic afterslip following the 𝑀6 2004 Parkfield earthquake and potential 

transient slip during the post-seismic and subsequent interseismic period. As the variations of slip rate 

we intend to map in space and time are relative to the interseismic slip rate, negative 𝛿ሶ(𝑡) 

corresponds to a decrease in slip rate below the estimated interseismic rate. We build a 3D vertical 

fault plane discretized in 2 x 2 km2 elements following the surface trace of the SAF. Our fault model 

reaches 20-km-depth, and spans from 30 km south of the 𝑀6 Parkfield hypocenter to 50 km north of 

the hypocenter. We calculate displacement rates as the gradient in time of the smoothed 

displacement time series. The smoothing is done using a zero-phase digital filter with a 20-day window 

(matlab filtfilt function, with b=ones(1,20)/20 and a=1). The filter is an averaging sliding window 

passing through the data in the forward and reverse direction, smoothing periods shorter than ~40 

days. We invert the corresponding time series of displacement rate for slip rate at each time step.  

Considering the strike slip regime and subvertical dip of the SAF, the potential need to model positive 

and negative slip rate variations, and the irregular spatial distribution of GNSS stations, the inverse 

problem is ill-posed. In particular, for a subvertical fault and considering the noise in displacement 

estimates, comparable surface displacement can be modeled by different depth-dependent 

distributions of right- and left-lateral slip. We thus enforce slip rate positivity (here, right-lateral slip), 

a constraint frequently applied when modeling geodetic data (e.g. Rousset et al., 2016; Jolivet et al., 

2015a; Maurer & Johnson, 2014), to reduce the range of possible models to those compatible with the 
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geologic sense of motion of the fault. However, such positivity constraint will result in biases in the 

inverted slip rate model at periods of slip rate below the interseismic rate. Unlike Gualandi et al 2017 

or Michel et al 2019, we prefer not to invert the distribution of slip for each independent component 

and then reconstruct the time series of slip as we cannot translate the positivity constraint to the space 

defined by the independent components. Therefore, we directly invert for slip at each epoch of the 

reconstructed time series, enforcing no decrease in slip rate below the interseismic rate. 

We compute Green’s functions within a semi-infinite homogeneous elastic half-space (Okada, 1992), 

considering only pure strike slip on the fault. We minimize the least squares cost function, given by, 

 𝑆(𝑚) =
1

2
((𝒎 − 𝒎0)𝑇𝑪𝒎

−1(𝒎 − 𝒎0) + (𝑮𝒎 − 𝒅)𝑇𝑪𝒅
−1(𝑮𝒎 − 𝒅)), (Eq. 2) 

where 𝒅 is the vector of geodetic displacement rate at the surface, 𝑮 the Green’s functions matrix, 𝒎 

the vector of slip rate on the fault, 𝒎0 the prior slip rate model, and 𝑪𝒅 and 𝑪𝒎 the data and model a 

priori covariance matrices, respectively.  

We use the regularization scheme proposed by Radiguet et al., 2011. Our knowledge of the a priori 

model is described by a multivariate Gaussian PDF centered on the a priori slip rate, 𝒎0 , with a 

covariance, 𝑪𝒎, that depends on the distance between patches:  

𝐶𝑚 𝑖,𝑗 = (𝜎0  
𝜆

𝜆0
)2 exp(−𝑑𝑖,𝑗/𝜆),  (Eq. 3) 

where 𝜆 is a characteristic distance, 𝜆0 is a scaling factor fixed at 2 km (the size of a subfault), 𝜎0 is the 

a priori uncertainty on the model parameters, and 𝑑𝑖,𝑗 is the distance between subfault 𝑖 and 𝑗. We 

apply a uniform a priori slip rate model of 0 mm/yr, since we are modeling variations of slip rate 

relative to the interseismic slip rate. 𝜆 is set to 2 km (the size of a subfault), while 𝜎0is used as a 

damping parameter. We perform an inversion per time step, but calculate the misfit and norm of the 
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kinematic model over the whole time period for a given 𝜎0 (See Text S6). We chose the optimal value 

of 𝜎0 by balancing the Euclidean norm of the model, ||𝑚||2, with that of the data misfit (e.g. L-curve 

plot in Figure S5.h). We select 𝜎0 corresponding to the knee-point of the L-curve, which corresponds 

to a good tradeoff between misfit and smoothness of the models. Finally, we derive the moment rate 

release over time along the fault section between -10 and 40 km North of the 𝑀6 Parkfield earthquake 

hypocenter (Figure 4.b), as to avoid potential inversion artifacts and edge effects. 

The corresponding inversions for each scenario of component combination are shown in Figure S5 to 

S12.a and b. Likewise, for each scenario, the mean misfit in surface displacement between 

observations and model at each time step are shown in Figures S5 to S12.e. Resolution, restitution and 

sensitivity maps are shown in Figure S13 as indicators of the robustness of the inversion. Note that the 

scenario using only component 1 presents no variation in its spatial pattern of slip except for its 

amplitude (similar to the one in Figure 4.a).  

 

5. Temporal detection of transient slip events 

5.1. Detection methodology and results from independent component 1  

We first focus on the scenario that considers only component 1, which is the sole component for 

which we are fully confident that it is related to slip on the fault. To first order, we observe a 

gradual decrease in moment rate until ~2010, consistent with earlier descriptions of the post-

seismic transient in Parkfield. In addition, we observe multiple episodes of slip rate increase in the 

kinematic model, which we refer to as potential slip events (Figure S5).  

Based on the evolution of the moment rate, we identify the onset and termination of the most 

obvious slip events over this period. We remove an exponential function from the moment rate 
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evolution and assume that whenever the corrected moment rate exceeds a certain threshold, a 

slip event is detected (Text S1, Figure 4.b and c). We fix the threshold as the maximum moment 

rate during the 2014-2016 period (~4 times the moment rate standard deviation during the same 

period), a period assumed with only noise, and extract 30 events. However, several detections are 

close in time and possibly stem from events that may have been split due to the choice of the 

threshold and to remaining noise. We therefore merge events less than 20 days apart, a period 

similar to the width of the temporal filter applied on the data (Section 4). The final catalog of slip 

events is composed of 11 candidates (Figure 4.c). We notice that they correspond to coherent 

spatial patterns consistent with slip on the SAF, even though potential cross-talk between 

independent components is still possible. The duration of those events ranges from 1 to 193 days 

(Table S6), but those estimates should be taken with care as they are affected by the temporal 

filter (Section 4) and detection threshold. Note that detected event 1 is timed right at the 

beginning of the time period and may thus be longer or the choice of the exponential function to 

mimic the post-seismic slip rate decay may be inaccurate at the beginning of the considered time 

span. 

The early period, 2006-2010, corresponds to the late post-seismic period that followed the 2004 

𝑀6 Parkfield earthquake (Figure 4.b). During this period, we observe significant slip rate variations 

on top of the usual continuous decay of aseismic slip rate (e.g. Hsu et al., 2006; Perfettini et al., 

2010). In particular, we identify 7 potential slip events before 2010 (excluding event 1) with 

magnitudes ranging between 𝑀𝑤4.2 to 4.9. Those magnitude estimates, calculated as the integral 

of the moment rate over each event, do not include the moment released by the smooth post-

seismic trend (Table S6). Note that the sum of the moment released over an event duration, based 

on as many inversions as time steps in the considered time span, can potentially lead to 

constructive noise, leading to an over- or under-estimation of the retrieved magnitude. We 
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evaluate the moment released seismically during these events and find it negligible in comparison 

to the total moment released retrieved geodetically (Table S6). We therefore consider these 7 

events (excluding event 1) as potential slow slip events.  

The 2010-2018 period (Figure 4.b) is considered as the interseismic period but is nevertheless 

characterized by 3 episodes of moment rate increase in mid-2012, end of 2016 and beginning of 

2017 (respectively events 9, 10 and 11). Magnitude estimates of events 9 and 10 are 4.5 and 4.4, 

while event 11 is equivalent to a 3.6 but only over a single day. Comparing with our seismicity 

catalog, events 10 and 11 are dominantly aseismic whereas event 9 is associated with the largest 

seismic event present during the 12 years of observation, i.e. a 𝑀𝑤4.8 at ~10 km depth. For event 

9 in 2012, this discrepancy between the moment estimated geodetically (𝑀𝑤4.5) and seismically 

(𝑀𝑤4.8) is either due to the noise level in the geodetic time series, the magnitude evaluation 

methodology, or the possibility that the event is also partially described in one or several of the 

other components retrieved in the ICA (e.g. IC 2 to 4 in Figure 3). 

We estimate the uncertainties of the event detection based on IC1. To do so, similarly to Mandler 

et al. (2021), we build 100 perturbed displacement time series by adding to each position at each 

time step a random realization of a Gaussian noise based on the data uncertainties. For each of 

the 100 time series, we apply our decomposition, inversion of the dominant IC and detection 

methods. In all cases, events 1 to 8 are detected, while events 9 to 11 are less certain (~50% of 

detection; Figure S14.a and b). 

As we have selected for the time being only one component (IC1), the spatial pattern of slip rate 

does not change in time. Consequently, we cannot differentiate the spatial pattern of the detected 

events from the smooth post-seismic spatial distribution. The information of the spatial pattern is 

potentially included in other components of the ICA.       
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5.2. Influence of independent components 2, 3 and 4 on the event detection results 

We explore whether independent components 2, 3 and 4 (Figure 3; Section 3.3) may contain 

additional information for some or all of the detected events. We evaluate the evolution of the 

moment release rate with time considering all possible combinations of the independent 

components 2, 3 and 4 with component 1.  

For instance, comparing the time series reconstructed from component 1 with the time series 

obtained adding only component 2, we note very little differences in the moment release rate and 

changes in our detected slip events (Figure 5.g and h, and S14.c). Event 11 is not detected 

anymore, whereas a new event is detected in 2010. The combination of components 1 and 3 infers 

higher moment rate during the 2006, 2012 and 2016 events (e.g. event 2, 9 and 10; Figure 5.f and 

S14.c), but to first order, the resulting detections are similar, with only one additional event 

detected in 2018. Finally, component 4 is mostly active beginning of 2017 (Figure 3.f) but leads to 

almost no changes in the moment release rate (Figure 5.e and S14.c). We evaluate the number of 

scenarios for which an event is detected at each step of the time series showing that the events 

detected with the first component only are relatively robust regardless of our choice of the 

components used for reconstructing the time series (Figure 5.i). Including one or several additional 

components adds noise to the 2014-2016 time period over which we define our detection 

threshold, consequently impacting the number of detections.  

 

6. Discussion 
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Using a vbICA, we separate potential tectonic signals from other sources affecting the GNSS position 

time series such as common mode, surface hydrological loading or local effects. From the 4 

independent components we identified and their combination, we define 8 scenarios for which we 

invert for kinematic models of slip along the SAF near Parkfield between 2006 and 2018.4. Regardless 

of the scenario, our results indicate similar slip dynamics to first order, highlighting frequent slip events 

during the end of the M6 post-seismic period (i.e. until ~2010) in contrast with the subsequent years. 

We now discuss some of the drawbacks of our procedure and compare our results in light of other 

datasets. For clarity, note that hereafter the identification of events follows the numbering of the first 

scenario, using only the first independent component. 

 

6.1. Potential methodological limitations 

We explore the possibility that other underlying processes or methodological biases may 

introduce the transient slip events we have detected. For instance, the shallow San Andreas Fault 

at Parkfield includes multiple parallel strands and treating it as a single fault plane may be 

problematic (Murray & Langbein, 2006; Simpson et al., 2006). Then, GNSS processing choices 

(Section 2.1) could possibly also affect the results. However, these are parameters that are out of 

the scope of the present study and we evaluate the influence of the factors we have some control 

on. 

First, the temporal filter applied in Section 4 could be the origin of the apparent slow slip events 

between 2006 and 2008 for example (Figure 4.b). To rule out this case, we test different smoothing 

window sizes applied to the time series and observe no shift in time of the transients suggesting 

this signal is not related to aliasing of underlying noise (Figure S15 and S16).  
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Second, the positivity constraint applied to the slip inversion (Section 5) prevents relocking of the 

fault, which can be a source of misfit. Such constraint may also potentially affect the detection 

procedure. In the supplement, we propose a criterion based on the misfit to identify the periods 

of potential relocking and we show that the detection of the main events remains similar to our 

conclusions (Text S7; Figure S17).  

Third, the number of events detected in Section 5 is controlled by the detection threshold chosen 

(maximum moment rate between 2014 and 2016), by the choice of the components to invert for 

slip on the fault (Figure 5), and to some extent by the smoothing applied for the kinematic model 

(Figure S15). The threshold chosen in this study is taken as a conservative value, but one could 

lower or increase this threshold. An example taking a less conservative detection threshold of 3 

standard deviation is shown in Figure S18, and results in the detection of 17 events. Such change 

in detection threshold does not seem to modify the fact that the slow slip events are more 

frequent during the post-seismic phase of the Parkfield earthquake (< 2010) than during the inter-

seismic period (> 2010). 

In addition to all these biases and despite the ICA noise removal approach, the detected events 

produce only mm scale deformation at the surface (Figure S19 to S28, hence are expected to 

exhibit noisy displacement fields relatively to the captured displacements. In the supplement, we 

provide synthetic tests which illustrate the capacity of vbICA to detect a transient based on the 

GNSS network configuration used in this study (see Text S8 and Figure S29 to S32 for the full results 

and technical details). On one hand, we find that, once removed the common mode signals, the 

technique extracts displacement fields with maximum amplitude at the surface of 0.75 mm or 

above associated with a static source of deformation (Figure S29 and S30). Such surface 

displacement were acquired using a synthetic event of multi-variate Gaussian shape centered at 

a depth of 7 km on the fault, with a variance of 1 km2 and a maximum cumulative slip of about 30 
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mm. On the other hand, a synthetic test which produces maximum amplitude at the surface of 0.5 

mm is considerably more difficult, if not impossible to extract (Text S8 and Figure S31 and S32). 

  

6.2. Comparison with seismicity data 

We now compare the candidate slip events with the micro-seismic activity, occurrences of 

repeating earthquakes, and LFEs (Figure 6 and 7). To do so we bin each dataset in time over 15-

day windows (Figure 6). Comparison between the candidate transients and creepmeter data are 

also available in the supplement (Text S9), as well as a comparison between the slip evolution from 

the kinematic model and the one derived from repeating earthquakes (Text S10).  

We observe to first order a gradual decrease in seismicity and repeating earthquake rates (Figure 

6.a and c) consistent with the 𝑀𝑤6 post-seismic decay (i.e. Omori law). More specifically, following 

the event numbering of scenario using only IC1 (Figure 4.c), we observe that events 2, 9, and 

potentially 10 and 11 in ~2006.5, 2012.5, 2016.9 and 2017.1, respectively, are associated with 

peaks of seismic activity. However, other events, notably events 7 and 8 in ~2008.8 and 2009.4, 

are not associated with a clear increase of seismicity rate or in the rate of occurrence of repeating 

earthquakes. On the other hand, peaks in seismicity rate unrelated to the events we have detected 

might indicate that the seismic signal, and potential underlying aseismic process if any, is too weak 

to be detected within the geodetic data. 

Some of the detected transients, particularly event 7 and 9 in 2008 and 2012, respectively, 

coincide with LFE surges located north of the 𝑀𝑤6 co-seismic slip (green dots with red contour in 

Figure 1 and red line in Figure 6.d) although LFEs typically highlight deep (>10km) slip processes. 

Event 7 in 2008 is associated with high LFE rates (Figure 6.d) but also low seismicity rates (Figure 
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6.a), suggesting slip at depth (≳ 10 km). Event 9 in 2012 coincides with both increased seismicity, 

mostly around 10 km depth, and LFE activity, suggesting a similar depth for this slip event. We 

note nevertheless that multiple LFE surges do not coincide with our detection and that the LFEs to 

the south (green dots with light blue contour in Figure 1) do not show clear fluctuations (light blue 

line in Figure 6.d).  

Event 9 in 2012 coincides with the largest seismic event in our catalog (𝑀𝑤4.8). We observe a 

transient in the GNSS displacement time series reconstructed from IC1 (Figure 6.f) ~7-9 weeks 

before the 𝑀𝑤4.8, consistent with increasing seismicity rates ~9-11 weeks earlier (Figure 6.f and 

Figure 7.a). These observations suggest the initiation of a slow slip event before the 𝑀𝑤4.8, which 

is then combined with afterslip of the seismic event. The question of the potential triggering of 

this earthquake by the slow slip event is of course open.  

Events 10 and 11 are, on the other hand, concurrent with a potential propagation of seismicity 

from 10 to 5 km depth shown in Figure 7.c, although the link between both processes is unclear. 

Certain creepmeters are also reacting during this time period (notably station XMM1; Figure 

S33.b), however, rain events (Figure S33.d and e) occur at the same time and could potentially be 

at the origin of this signal.  

 

6.3. Modulation of slow slip events by post-seismic stress decay 

 All detected potential slip events should be considered as slow slip events (i.e. dominantly aseismic 

events), except the one in mid-2012 which possibly started as a SSE, and was followed by a 𝑀𝑤4.8 

earthquake and its corresponding afterslip. We note that the events in 2006, end of 2008 and 

beginning of 2009 (i.e. events 2, 7 and 8 with IC1; Figure 4.b) coincide with the 2006 and 2008-
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2009 events detected with InSAR by Khoshmanesh & Shirzaei (2018), respectively (Figure 6.e). The 

location of slip between 10 and 15 km North of the 𝑀𝑤6 hypocenter (Figure 4) corresponds to the 

location of the SSE in the early-90’s (Murray & Segall, 2005). The majority of the potentially 

detected SSEs occur between 2006 and 2010 and these events occur while moment release rate 

decreases through time, consistent with the 𝑀𝑤6 Parkfield post-seismic relaxation. We also note 

that the inter-event times of SSEs during the post-seismic period seems shorter than the ones 

during the inter-seismic period.  

Such occurrences of slow slip events during the post-seismic phase of major earthquakes has 

already been documented, in particular in creepmeter data. Following the Superstition Hills 

earthquakes in 1987, creepmeter records document the occurrence of shallow slow slip events 

with inter-event time clearly increasing with the ongoing post-seismic transient (Bilham et al 

1989). Creepmeters also document the occurrence of transient events during the post-seismic 

phase of the 1973, M 7.6, Luhuo earthquake in Sichuan, China (Zhang et al 2018), although the 

evolution of the timing of these transients is not described. Such increase of the SSEs’ inter-event 

time between the post- and inter-seismic period points toward a control of the frequency of 

occurrence of slow slip events by the underlying dynamics of the post-seismic decay. Given the 

resolution of the data at our disposal we cannot resolve eventual slip migration. Structural 

heterogeneities, such as spatial variations of the frictional properties along the fault plane (Wei et 

al 2013) or geometrical complexities (Romanet et al 2018) could explain such dynamics.  

 

7. Conclusion 
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Our results suggests that the post-seismic relaxation following the 2004 Parkfield 𝑀𝑤6 earthquake is 

not a smooth, continuous process but includes slow and rapid slip transients aggregated together in 

space and time. Even though the majority of these events occur during the post-seismic period 

(2011>), large slow slip events also occur spontaneously during the interseismic period (e.g. potentially 

the events in 2012 and 2016, or the one in the mid-90’s; Murray & Segall, 2005). Considering such 

transient events might initiate at any time along faults while interseismic loading increases the elastic 

energy available for slip, post-seismic transients might also be considered as periods during which we 

expect an increase in slow slip event occurrences.  
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Figure 1: (a) Distribution of GNSS stations (yellow and blue dots) and seismometers (red triangles) along the central section of the 
San Andreas Fault. All GNSS stations, blue and yellow dots combined, are used to extract the common mode signal (Section 3.2). 
The GNSS stations indicated by yellow dots are used to extract the tectonic signal from the Parkfield segment (Section 3.3). The 
GNSS stations CAND and LAND are indicated by gray diamonds. The time series of those stations are shown in Figure 2. The gray 
dots represent the 𝑀𝑤 > 0.5 seismicity since 2006 (ComCAT catalog). The black stars indicate the 1983 𝑀𝑤6.3 Coalinga, 2003 
𝑀𝑤 6.6 San Simeon and 2004 𝑀𝑤6.0 Parkfield earthquakes epicenter. The red rectangles indicate the rupture extent of the 
Coalinga and San Simeon earthquakes. The N and S marks indicate the along strike extent of the section in Figure 1.b. (b) Co-
seismic slip distribution of the 2004 𝑀𝑤6.0 Parkfield earthquake (modified from Bruhat et al., 2011). The white star indicates its 
hypocenter (taken from CISN). The gray, blue and green dots indicate the 𝑀𝑤 > 0.5 seismicity within 5 km from the SAF since 
2006 (ComCAT catalog), repeating earthquakes (Section 2.2) and LFEs location, respectively. The red and blue contours indicate 2 
groups of LFEs that are analyzed in section 6.2 and Figure 6.d. 

Figure 2: Example of time series before and after removal of the linear trend estimated by a trajectory model (Section 2.1). The 
black dots and gray error bars indicate the position and their related uncertainty, respectively. Left panels show the raw position 
time series of stations CAND and LAND (see location on Figure 1). Right panels show their respective time series corrected from 
the linear trend, and instrumental and coseismic offsets (black dots). The red curve indicates the time series reconstructed from 
IC1 from Section 3.3). 

Figure 3: Spatial and temporal functions of the independent components. Top panels indicate the components temporal evolution 

(rows of the matrix 𝛴, Section 3.1), while bottom panels indicate the components spatial pattern (columns of the matrix 𝐴, Section 
3.1). Red lines are the San Andreas and Calaveras Fault. (a) and (b) are the components related to common mode retrieved on the 
extended network of GNSS stations (yellow and blue dots in Figure 1) for 4 components (Section 3.2). Additional components are 
shown in Figure S1. (c) to (i) are the components related to tectonic or quasi-seasonal signal retrieved on the focused network of 
GNSS stations (yellow dots in Figure 1) for 10 components (Section 3.3). Additional components attributed to noise are shown in 
Figure S2. 

Figure 4: (a) Sum of the slip released during the 11 events identified from IC1 between 2006 and 2018 (see panel (c)). Dark dots 
are relocated earthquakes. White star is the Parkfield, 2004, M6.0 earthquake hypocenter. Light blue star indicates the location 

of the main seismic event (𝑀𝑤4.8) occurring during our observation period. The black line indicates the co-seismic 44 mm slip 

contour of the 2004 𝑀𝑤6 earthquake (modified from Bruhat et al., 2011). (b) Moment rate function. The red line represents the 
idealized postseismic trend estimated using a trajectory model (Text S1), using only an exponential function to model the post-
seismic relaxation. (c) Moment rate function with respect to the interseismic motion and the idealized postseismic signal removed. 
The blue dashed line indicates the maximum moment rate amplitude between 2014 and 2016 (~4 standard deviation of the 
moment release rate over this reference period), chosen as the transient detection threshold under the assumption that it is 
representative of the level of noise in the data. Green shading in (b) and (c) indicates the detected transients. 

Figure 5:  (a) to (h) shows the moment rate function for each of the component combination scenarios. Green shading indicates 
the detected transients. (i) shows in red for each time step the number of scenarios for which an event is detected. Time steps 
indicating a detection from more than 4 scenarios are highlighted in blue, 4 being the maximum number of scenarios for which 
component 2, 3 or 4 appears. Those periods highlights thus detected events which are not completely controlled by only one 
component (component 1 excluded). 

Figure 6:  (a) Moment rate function (black) as in Figure 4.b. The orange line represents the seismicity rate of events 5 km from the 
SAF and within the along-strike [-10,40] km section. (b) Seismicity moment release rate. (c) and (d) show the repeating earthquake 
(blue line) and LFE (red and light blue line) rate within the along-strike [-10,40] km section, respectively. The red and light blue 
lines represent the LFE rate of the families indicated in Figure 1b. (e) Spatiotemporal distribution of rate difference from InSAR 
data. The relative difference between short-term (between consecutive time steps) and long-term line of sight (LOS) creep rate 
(slope of the cumulative time series) in percentage (Khoshmanesh & Shirzaei, 2018a). The two black rectangles indicate the slip 
events as indicated in their paper. (f) Fault parallel displacement time series of GNSS station LAND as reconstructed from IC1 
(black dots). The orange line represents the seismicity rate as shown also in (a). 

 
Figure 7: Seismicity distribution during event 9, 10 and 11 in 2012, 2016 and 2017. (a) and (b) show the seismicity distribution 
before and after the 2012 𝑀𝑤4.8 earthquake (black star), respectively. Grey dots correspond to the seismicity since 2006, while 
the colored dots represent the seismicity for the time periods indicated at the bottom right. Note that, within the 50 days 
preceding the 𝑀𝑤4.8 event, 8 M>0.6 earthquakes occur within 5 km from the 𝑀𝑤4.8 hypocenter. (c) Microseismicity 
propagation during the 2016-2017 events (Section 6.2), relative to event 10 onset estimated in Section 5.1. 
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