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Key Points 15 

 We constrain a 1.4 My incremental slip history for the Puente Hills blind-thrust fault (PHT), 16 

revealing variable rates from as slow as 0.16 mm/yr to as fast as 2.5 mm/yr. 17 

 Forelimb folding records < 80% of the slip accommodated on the deep fault ramp. Thus, forelimb 18 

strata may underestimate total fault slip. 19 

 A significant increase in slip rate after ~200 ka matches timing of acceleration on the adjacent Los 20 

Angeles segment, indicating a kinematic linkage. 21 
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Abstract 22 

Using seismic reflection profiles, historical well logging data, and luminescence and radiocarbon ages, we 23 

determine a Pleistocene-Holocene slip history for the central, Santa Fe Springs segment of the Puente 24 

Hills blind-thrust fault (PHT), a major seismogenic fault situated beneath the urbanized Los Angeles 25 

metropolitan region.  We analyze the geometry of correlative stratigraphic units in the forelimb and 26 

backlimb of the overlying growth-fold, the Santa Fe Springs anticline, and determine the uplift of seven 27 

age-correlative markers. Uplift measurements are converted to thrust displacements on the underlying 28 

PHT using a structural method laid out by Don et al. (2022) that accounts for the geometry of the fault.  29 

These data indicate that deep thrust displacement on the PHT is partially consumed updip in the creation 30 

of a hanging-wall fault-bend fold, with forelimb growth strata recording < 80% of the slip documented 31 

within the backlimb. Chronological data from growth strata yield age constraints for folding and faulting 32 

on the underlying PHT, providing a detailed incremental slip history derived from both the forelimb and 33 

backlimb folding for seven discrete growth horizons, spanning the past 1.4 million years. The resulting six 34 

incremental slip rates demonstrate that fault slip has varied through time from the middle Pleistocene to 35 

the Holocene. Moreover, these results reveal synchronous acceleration of both the central, Santa Fe 36 

Springs and western, Los Angeles segments of the fault system since late Pleistocene time (after 200 ka) 37 

and slip rates of greater than 2 mm/yr on the downdip, backlimb, fault-ramp below the anticline.  38 

Plain Language Summary: 39 

We studied the earthquake history of the Puente Hills blind-thrust fault (PHT), a major seismic source 40 

buried directly beneath metropolitan Los Angeles. Using a combination of underground imaging 41 

datasets—including seismic reflection profiles and drilling data—we mapped and dated time-correlative 42 

sedimentary layers that record deformation caused by movement on the fault beneath. By comparing 43 

patterns of folding across the structure above the PHT, we show that cumulative slip is greater on deeper 44 
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parts of the fault than on shallower segments. This indicates that shallow sub-surface evidence may 45 

underestimate the total amount of fault movement. We also developed a long-term slip history spanning 46 

approximately 1.4 million years, revealing that the fault system became increasingly active sometime after 47 

about 200,000 years ago. These findings help improve our understanding of how blind-thrust faults evolve 48 

and accommodate strain over time and may be used to refine earthquake hazard models in places like 49 

Los Angeles. 50 

1. Introduction  51 

The Puente Hills blind-thrust fault (PHT) is a north-dipping thrust system that extends west northwest-52 

south southeast for more than 40 km beneath the northern half of the Los Angeles metropolitan area in 53 

Southern California (Figure 1; Shaw et al., 2002). Given its large surface area, complex geometry, and 54 

location beneath one of the most densely populated urban centers in the United States, the PHT 55 

represents one of the largest seismic hazards in the country (Shaw et al., 2002; Field et al., 2005). 56 

Unlike surface-rupturing faults, blind thrust faults such as the PHT accommodate deformation in the upper 57 

few kilometers of the crust through fold growth above the buried fault tip (Suppe et al., 1992; Shaw & 58 

Suppe, 1996). These growth folds record incremental deformation and provide a critical means of 59 

investigating recent fault activity and constraining the history of past earthquakes. Seismic reflection data, 60 

drilling records, and earthquake data from across the Los Angeles Basin reveal that the PHT is an active 61 

fault system composed of three moderately north-dipping fault segments, each buried several kilometers 62 

below the surface and overlain by growth folds (Shaw & Shearer, 1999; Pratt et al., 2002; Shaw et al., 63 

2002; Dolan et al., 2003). Furthermore, analyses of these data indicate that a complete rupture of the PHT 64 

could generate an earthquake of Mw > 7 directly beneath Los Angeles, posing a significant risk to the region 65 

(Dolan et al., 2003, Leon et al., 2007). The key to understanding the seismic hazard posed by the PHT lies 66 

in documenting the rate at which it stores and releases seismic energy through time. Recent studies such 67 
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as those by Gauriau & Dolan (2021, 2024) indicate that strike-slip faults within complex plate boundary 68 

systems, like those bounding the Los Angeles Basin, exhibit variable rates of strain accumulation and 69 

release over timescales spanning multiple earthquake cycles and several tens of meters of fault slip. 70 

Capturing these temporally variable patterns of strain release therefore requires detailed incremental slip 71 

rate records at multiple time scales averaged over different time and displacement intervals. 72 

In this study, we integrate high-resolution seismic reflection data, drilling logs, and geochronological data, 73 

including radiocarbon (¹⁴C) dating to reconstruct the Pleistocene-Holocene slip history of the central Santa 74 

Fe Springs segment of the PHT. By analyzing seven folded, regionally continuous sedimentary marker 75 

horizons, we document incremental deformation spanning the past ~1400 kyr.  We quantify both forelimb 76 

and backlimb fold growth and, using fault-bend folding theory (Suppe, 1983), we establish a relationship 77 

between deformation and fault slip across the entire fold, allowing us to determine incremental slip rates 78 

along different downdip sections of the fault. This approach provides new insights into long-term 79 

variations in fault slip rates, revealing temporal patterns of acceleration and deceleration on the fault. We 80 

integrate these new observations with slip-rate data from the Los Angeles segment of the PHT and other 81 

faults in the region and discuss these results in the context of the structural evolution of the PHT and the 82 

broader implications for seismic hazard assessment in the Los Angeles Basin. 83 

2. Geologic Setting 84 

The Los Angeles Basin is a northwest-southeast-elongate trough filled by a sequence of Miocene to 85 

Quaternary  marine and terrigenous sediments that record a complex depositional and structural history 86 

dating back approximately 23 million years (Yerkes et al., 1965; Blake, 1991; Wright, 1991). Around 4 87 

million years ago, a significant tectonic shift from an extensional to a compressional regime initiated 88 

ongoing north-south-directed shortening of the basin (Wright, 1991). Basin shortening is accommodated 89 

by a combination of near-vertical southeast-striking dextral strike-slip faults (e.g., Whittier, Newport-90 
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Inglewood, Palos Verdes), east-striking sinistral strike-slip and oblique-reverse faults (e.g., Raymond, 91 

Hollywood, Santa Monica) and moderately north- and south-dipping, east- and southeast-striking thrust 92 

faults (e.g., Compton, Elysian Park, Wilmington), including the Puente Hills blind-thrust fault (PHT) (Figure 93 

1; Hauksson, 1990; Wright, 1991; Dolan et al., 1995; Shaw & Suppe, 1996; Walls et al., 1998; Shaw & 94 

Shearer, 1999; Shaw et al., 2002; Argus et al., 2005; Dolan et al., 2007). 95 

Geodetic data indicate that as much as 9 mm/yr of north-south shortening is currently being 96 

accommodated by elastic strain accumulation on these faults, with as much as 3 mm/yr attributed 97 

specifically to the PHT (Rollins et al., 2018). Previous geologic studies, however, have suggested that long-98 

term slip rates on the basin’s blind-thrust faults, including the PHT (0.6 - 1.7 mm/yr; - Shaw & Shearer, 99 

1999; Dolan et al., 2003; Leon et al., 2007), the Compton blind-thrust fault (~1.2 mm/yr; - Leon et al., 100 

2009), the Wilmington thrust (~0.16 mm/yr - Wolfe et al., 2019), and the Elysian Park thrust (~1.7 mm/yr; 101 

- Davis et al., 1989; Shaw and Suppe, 1996) are slower than these present-day rates of elastic strain 102 

accumulation (Dolan et al., 1995; Rollins et al., 2018). This strain accumulation/strain release rate 103 

discrepancy highlights the complexity of the basin's tectonic processes and has been cited as evidence 104 

that a significant seismic moment deficit may be accumulating in and around the Los Angeles area (Dolan 105 

et al., 1995; Walls et al., 1998).  106 

Figure 1 a.) The Puente Hills blind-thrust fault (PHT) is a west-northwest to east-southeast trending blind thrust 107 

fault which extends for ~40 km from downtown Los Angeles in the northwest to Fullerton in the southeast. Three, 108 

north-dipping, buried, en-echelon fault segments comprise the PHT. These are, from west-northwest to east-109 

southeast the Los Angeles segment, the Santa Fe Springs segment, and the Coyote Hills segment. The position and 110 

geometries of these segments, which terminate at a depth of ~3 km, were constrained by extensive drilling and 111 

seismic reflection data (Shaw et al., 2002). Blue lines on the fault surfaces are depth contours at 2000 m intervals, 112 

with the shallowest contour on each surface located at - 4000 m ASL. Fault traces shown in the figure are from the 113 

Statewide California Earthquake Center (SCEC) Community Fault Model (CFM 5.2; Plesch et al., 2007). PVF = Palos 114 
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Verdes fault; CF = Compton fault; NIF = Newport-Inglewood fault, SMF = Santa Monica fault; HF = Hollywood fault; 115 

VF = Verdugo fault; EPF = Upper Elysian Park fault; WF = Whittier fault; CHNF = Chino fault; SJF = San Jose fault; 116 

CCF = Cucamonga fault; SMAF = Sierra Madre fault. b.) Reference map showing the spatial distribution of the 117 

datasets used in this study. The forelimb and backlimb fold axial traces of the Santa Fe Springs anticline are shown 118 

as green dashed lines. Drill datasets are shown as crosses, except for the Pico Rivera hole which is shown as a 119 

white circle with a black dot. The seismic reflection profiles are shown in purple (industry reflection profile) and 120 

blue (high resolution backlimb seismic reflection profile). CADPW = California Department of Public Works. 121 

2.1. The Puente Hills Blind-Thrust Fault (PHT) 122 

The PHT was first identified by Shaw and Shearer (1999) through the analysis of seismic reflection data, 123 

petroleum well logs, and relocation of the 1987 Mw = 5.9 Whittier Narrows earthquake and aftershocks. 124 

The PHT consists of three north-dipping, en echelon fault segments: from west to east, the Los Angeles, 125 

Santa Fe Springs, and Coyote Hills segments (Shaw et al., 2002; Pratt et al., 2002). The central Santa Fe 126 

Springs segment, which is the focus of this study, dips approximately 27° (across most of the fault’s 127 

downdip extent) to the north-northeast. The thrust ramp extends upward to a depth of about 3 km 128 

beneath the Santa Fe Springs anticline (SFSA) —a broad fold that is thought to have developed, initially, 129 

during Pliocene time through fault-propagation folding processes but has experienced a more recent 130 

history during which it has developed as a fault-bend fold (Figure 2; Allmendinger & Shaw, 2000; Shaw et 131 

al., 2002). 132 

Dolan et al. (2003) and Leon et al. (2007) found evidence for at least three Holocene earthquakes in 133 

growth strata above the forelimb of the Santa Fe Springs anticline. Their measurements of paleo-fold 134 

scarp heights indicate that these scarps were generated by large-magnitude earthquakes ranging from 135 

Mw 7.2 to 7.5. Detailed stratigraphic analyses indicate that these three earthquakes occurred within the 136 

past ~8100 years, with the most recent earthquake occurring after 3000 years ago and prior to 1780 C.E. 137 

(Leon et al., 2007). 138 
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Figure 2. Industry seismic reflection profile and schematic cross section showing the Santa Fe Springs anticline 139 

(SFSA) and PHT fault, modified after data and interpretations in Shaw & Shearer (1999). The seismic data do not 140 

resolve stratigraphy in the upper ~200 m below the ground surface. This figure highlights three fault ramp 141 

segments (BLR-S1 = Backlimb thrust ramp S1, and BLR-S2 = Backlimb thrust ramp S2, FLR = Forelimb thrust ramp). 142 

Deformation is localized within north- and south-dipping kink bands bounded by axial surfaces that project to 143 

bends in the underlying fault, consistent with a fault-bend fold geometry. Upward-narrowing growth triangles in 144 

the Quaternary section indicate syntectonic deposition, with fold growth by kink band formation initiating during 145 

the Pliocene on the backlimb. Moderately north-dipping discontinuous reflectors image the forelimb fault ramp, 146 

whereas downdip, backlimb, ramp geometry is constrained by fault-bend folding models and relocated 147 

aftershocks of the 1987 Mw 5.9 Whittier Narrows earthquake. The pink dashed line marks the inferred trace of a 148 

fault (interpreted as a backthrust) intersected by two petroleum industry wells. However, the seismic reflection 149 

data show no evidence for significant displacement along this structure. Qt = Quaternary; Plio = Pliocene; Tfu = 150 

upper Fernando Formation; Tfl = lower Fernando Formation; Tp = Miocene Puente Formation 151 

3. Observations of folding above the Puente Hills blind-thrust fault (PHT) 152 

3.1. Subsurface data used to constrain folding and chronology 153 

We utilized seismic reflection profiles, borehole data, and subsurface mapping based on well logs to: (1) 154 

constrain the geometry of the fault plane and the overlying growth folding above the Santa Fe Springs 155 

segment of the PHT; (2) determine the depositional ages of syntectonic growth strata; and (3) calculate 156 

rates of thrust displacement through time. Seismic reflection data at multiple scales provide two-157 

dimensional profiles of the fault and associated growth fold, and drilling data enable cross-fold 158 

correlations of sedimentary growth strata in the forelimb and backlimb, providing temporal constraints 159 

on fold growth while also verifying depth migrations of the seismic reflection data. Furthermore, shallow 160 

drill hole observations within the upper ~50 m of the subsurface were corroborated with subsurface 161 

mapping from the California Department of Water Resources (CDWR, 1961). Figure 1b shows the spatial 162 
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distribution of all datasets employed in this study, while detailed descriptions of each dataset are provided 163 

in section 1 of the Supplemental Materials.  164 

Specifically, four seismic reflection profiles were utilized to constrain geometric parameters of fault-165 

related folding and quantify the deformation of stratigraphy. These are: a deep-penetration, regional-166 

scale petroleum industry seismic reflection profile – the same seismic reflection data analyzed by Shaw et 167 

al. (2002) - and; three relatively short-length shallow seismic reflection profiles collected above the zones 168 

of forelimb and backlimb folding (Figure 1b and Figure 4; Supplemental Figures S1A and S1B; Pratt et al. 169 

2002).  170 

To constrain the stratigraphy of the SFSA and establish the depositional ages of deformed marker 171 

horizons, we use four different sets of borehole data, including (1) a 65.75-m-deep, continuously cored 172 

borehole drilled into the backlimb of the SFSA, hereafter referred to as the Pico Rivera borehole; (2) a 173 

transect of closely spaced, continuously cored boreholes and Cone Penetrometer Test holes (CPTs), drilled 174 

across the forelimb growth triangle; (3) a regional network of geotechnical boreholes drilled by The 175 

California Department of Public Works (CADPW) 176 

(https://maps.conservation.ca.gov/cgs/informationwarehouse/bhdb/); and (4) a set of water monitoring 177 

wells drilled by the U.S. Geological Survey (USGS) into the SFSA (Land et al., 2004). 178 

Seven marker horizons corresponding to the tops of distinct stratigraphic units delineated in the drilling 179 

data serve as numerical age markers for late Pleistocene deformation, enabling us to establish a robust 180 

temporal framework for long-term tectonic activity on the Santa Fe Springs segment of the PHT. 181 

Depositional ages are drawn from regional studies of the sedimentary development of the Los Angeles 182 

Basin (Ponti et al., 2014; McDougall et al., 2012; Ponti et al., 2007; Leon et al., 2007; Dolan et al., 2003), 183 

supplemented by four radiocarbon (14C) dates and 21 luminescence dates from samples in the Pico Rivera 184 

borehole on the backlimb of the SFSA. 185 
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3.2. Relationship between fault displacement and fold growth 186 

Shaw et al. (2002) identified the anticlinal fold above the Santa Fe Springs segment of the Puente Hills 187 

blind-thrust fault (PHT) as a fault-bend fold, formed during thrust displacement on the underlying fault 188 

plane during middle Pleistocene-Holocene time. We apply fault-bend folding theory (Suppe, 1983) to 189 

calculate fault displacements over time, through investigation of the age and geometry of shallow folding 190 

and compile an incremental slip-rate record for the PHT. Fault-bend folding theory posits that sedimentary 191 

layers maintain continuous length and constant orthogonal thickness as they fold above changes in dip 192 

on the underlying thrust fault (Figure 3; Suppe, 1983; Shaw et al., 1994; Shaw et al., 2004; Connors et al., 193 

2021). In compressional settings experiencing sedimentation, discrete axial fold surfaces bound a kink 194 

band that forms an upward-narrowing growth triangle. The width of the kink band and the structural relief 195 

of strata within it decrease upward, toward the surface, as progressively younger strata are transported 196 

across a fault-bend during thrust displacement, forming a distinct growth triangle (Figure 3).  197 

As observed from the seismic reflection data shown in figure 2, the forelimb kink band is pinned to the tip 198 

line of the PHT thrust at a depth of ~3km, whereas the backlimb kink band is pinned to a steepened ramp 199 

section at a depth of ~6 km (Shaw et al., 2002). Syntectonic growth sediments from the Los Angeles and 200 

San Gabriel Rivers deposited onto the anticline appear as laterally continuous reflectors, showing a 201 

distinct decrease in structural relief and an upward narrowing of both the forelimb and backlimb kink 202 

band widths towards the surface. These growth sediments record fault activity, and we specifically analyze 203 

the deformation of marker horizons of known age crossing both the forelimb and backlimb growth 204 

triangles to determine the size and age of displacements on the underlying fault (Figure 3). 205 

Similar methodologies have been effectively used in other studies to derive slip-rates and identify paleo-206 

earthquakes in analogous geological settings (e.g., Medwedeff, 1992; Mueller & Suppe, 1997; Dolan et 207 

al., 2003; Benesh et al., 2007; Leon et al., 2007; McAuliffe et al., 2015; Bergen et al., 2017). We measured 208 
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the dips of axial surfaces, changes in dip of strata across the kink bands, and the widths and structural 209 

relief of the kink bands to constrain the structural parameters of the fault-bend fold system and calculate 210 

displacements on the underlying fault (Section 5 of the Supplemental materials, Table S3 and S4).  211 

Figure 3. Schematic illustration of the fault-bend folding mechanisms operating on the Santa Fe Springs anticline. 212 

a.) The top figure shows the position of the forelimb (FLR) and backlimb kink bands (BLR-S1 and BLR-S2) on the 213 

industry seismic reflection profile. b.) Forelimb kink band formation results from material displaced upwards and 214 

horizontally over the fault tip. Displacement at the tip (S) equals the uplift of growth strata (U) divided by the sine 215 

of the fault dip (⍺ ). c.) Backlimb kink band and associated growth triangle form in response to displacement 216 

through a deeper bend in the fault. Displacements through the bend (S1 and S2) govern the uplift of strata on either 217 

side of the kink band and depend on the changes in dip (⍺1 and ⍺2) between ramp segments. Variables UT and U1 218 

(in red) cannot be directly measured from the seismic reflection profiles.  219 

3.3. Determining the shape of the fault and the fold 220 

The active anticlinal axial surface of the forelimb kink band is pinned to the fault tip (at ~3 km depth) as 221 

directly observed and measured on the industry seismic reflection profile. In contrast, the active synclinal 222 

axial surface of the backlimb kink band is pinned to a change in dip of the fault plane at a depth of ~6 km 223 

(Figure 2, Figure 4, and Supplemental Figure S7). While the fault plane is clearly imaged in the shallowest 224 

portion of the industry seismic reflection profile, it is poorly resolved at depths below 4 km, and the 225 

change in dip is not directly imaged. As this change in dip is not well-imaged, we apply fault-bend folding 226 

theory to calculate the change in dip at the pinning point of the backlimb synclinal axial surface (Section 227 

4 of the Supplemental Materials). Our calculations indicate that the deep ramp steepens from ~27° to 228 

~41° at the backlimb fault-bend. To simplify descriptions of these fault sections, we assign each an unique 229 

designation: (1) the ramp from the base of the forelimb ramp down the to the steepened backlimb ramp 230 

section is FLR, with a dip of 27°; (2) the steepened ramp downdip beneath the backlimb is BLR-S2, with a 231 

dip of 41°; and (3) the ramp further downdip to the north below the steepened ramp section is BLR-S1, 232 
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with a dip of 27° (Section 4 of the Supplemental materials). Fault dips were measured on the time-233 

migrated seismic reflection data that were converted to depth using three basin velocity models (slow, 234 

fast, and an intermediate preferred model). Different velocity models introduce a systematic uncertainty 235 

of ± 2° for all fault sections, with slower velocities yielding shallower apparent dips and faster velocities 236 

yielding steeper dips; the implications of these dip uncertainties are discussed in Section 3.5.3. 237 

3.4. Determining the timing and size of incremental fault displacements 238 

3.4.1. Age constraints of stratigraphic sequences 239 

We used the seven stratigraphic sequences that were mapped throughout the subsurface of the Los 240 

Angeles Basin, and identified by us in the drilling datasets, to determine the long-term fold-growth history 241 

above the PHT from middle Pleistocene time to the present (Section 2 of the Supplemental Materials). 242 

Ponti et al. (2007) first established this sequence stratigraphic framework through their analysis of drilling 243 

data, seismic reflection profiles, and chronostratigraphic datasets, identifying age-equivalent sedimentary 244 

sequences around the Long Beach area in the southern Los Angeles Basin. Later studies by Edwards et al. 245 

(2009), McDougall et al. (2012), Ponti et al. (2014), and Bergen (2015) extended this framework basin-246 

wide, refining both the depositional ages and spatial extents of these sequences. These sequences record 247 

changes in depositional environments within the basin that were associated with base-level and 248 

paleoclimatic changes during late Pleistocene and Holocene time. Ages were determined using macro- 249 

and microfossil data, paleomagnetic correlations, marine oxygen isotope records, amino acid 250 

racemization dating, correlation of volcanic ash deposits, 14C-dating, and luminescence-dating (McDougall 251 

et al., 2012; Ponti et al., 2014). Ponti et al. (2007, 2014) and Bergen (2015) mapped the upper contacts of 252 

these sequences in the water wells drilled by the U.S. Geological Survey. Specifically, three of these deep 253 

wells, Pico-2, Norwalk-2, and Cerritos-2, intersect the industry seismic reflection profile crossing the SFSA, 254 
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allowing correlation between well data and seismic reflectors that represent the upper contacts of these 255 

sequences (Figure 4). 256 

The depositional age of the top of each stratigraphic sequence is estimated based on the age ranges of 257 

the sequences directly above and below it, with the resulting age probability distributions dependent on 258 

the quality of chronological constraints available for these bounding sequences (Section 2 of the 259 

Supplemental Materials). 260 

The stratigraphic sequences used for this study are, from youngest to oldest, the Dominquez, Mesa, 261 

Pacific, Harbor, upper Wilmington, lower Wilmington, and upper Long Beach, using the nomenclature first 262 

established by Ponti et al. (2007) and refined by McDougall et al. (2012) (Table 1, Supplemental Table S1). 263 

The Bent Spring and Pacific A sequences of Ponti et al. (2014) are absent in the study area.  264 

In the study area, the top of the Dominguez sequence aligns with the current ground surface and thus 265 

cannot be effectively used as a stratigraphic marker. Instead, we utilize the top of the Gaspur aquifer as 266 

the shallowest marker unit. The Gaspur aquifer is the basal stratigraphic member of the Dominguez 267 

sequence and consists of a regionally extensive, laterally continuous layer of coarse-grained sand and 268 

gravel that is readily identified in the geotechnical drilling dataset described in this study. As the 269 

shallowest mappable and deformed unit with a well-established depositional age, the Gaspur aquifer 270 

provides a reliable measure of early Holocene to present deformation across the SFSA. 271 

To constrain the age of the shallowest stratigraphy to a depth of 65 m, four charcoal samples and 21 272 

luminescence samples were collected from the Pico Rivera borehole on the backlimb of the SFSA (Figure 273 

4). Only one charcoal sample was large enough to provide a useful 14C age, yielding an OxCal v.3.1 274 

(Ramsey, 1995, 2001) calibrated age of ~21.36 - 13.52 ka from a silt layer at 35.4 m depth, directly beneath 275 

a relatively thick interval of homogeneous medium- and coarse-grained sands. This silt layer corresponds 276 

to the top of the Mesa sequence of Ponti et al. (2014), just below the coarse-grained Gaspur aquifer 277 
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(Figure 5). Luminescence samples were initially sent for quartz Optically Stimulated Luminescence (OSL) 278 

dating and subsequently for K-feldspar Infrared Stimulated Luminescence (IRSL) dating. Luminescence 279 

ages from both the OSL and IRSL studies, however, yielded inconsistent results, showing significant age 280 

fluctuations downhole, preventing us from compiling these into a reliable age model (Section 3 of the 281 

Supplemental Materials). Despite these inconsistencies, both luminescence datasets indicate a sharp 282 

increase in ages of several thousand years over a short depth interval approximately 4 m long at a depth 283 

of ~62 m. This abrupt increase in age supports the extrapolated position of the unconformable contact 284 

between the Pacific sequence (MIS 5e and 5c) and the underlying Harbor sequence (MIS 6 and older), as 285 

defined by Ponti et al. (2009) and McDougall et al. (2012) (Figure 4 - Inset). Radiocarbon ages on detrital 286 

charcoal samples from the study on the forelimb of SFSA by Dolan et al. (2003) and Leon et al. (2007) were 287 

used to constrain the age of the top of the Gaspur aquifer to between ~10.7 and 9.6 ka (Table 1, 288 

Supplemental Table S1).  289 

Table 1. Structural relief and ages of marker horizons 290 

3.4.2. Deformation of stratigraphic sequences 291 

Using water-well drilling logs and three-dimensional (3D) models from Paulinsky et al. (2023) and Ponti et 292 

al. (2014), water-well logs from the Water Replenishment District (https://www.wrd.org/), and seismic 293 

reflection profile interpretations from Bergen (2015), we identified the tops of the Gaspur aquifer, and 294 

the Mesa, Pacific, Harbor, upper Wilmington, lower Wilmington, and upper Long Beach sequences (Figure 295 

4 and Figure 5).  296 

By measuring the uplift of each marker horizon, we compiled a record of incremental deformation on the 297 

forelimb and backlimb of the SFSA over the past ~1.4 Ma (Table 1). The top of each sequence is considered 298 

to represent the time between its deposition and that of the overlying sequence.  The depositional ages 299 

used in this study (Table 1) closely align with those of Bergen et al. (2017), who estimated ages based on 300 

https://www.wrd.org/
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the deposition of entire units rather than the tops of the stratigraphic sequences that record the youngest 301 

possible age of deposition (Supplemental Table S1). 302 

We measure slip on the PHT beneath the Santa Fe Springs anticline that has been accommodated by fold 303 

growth within the forelimb and backlimb kink bands. Slip estimates derived from uplift within the growth 304 

triangles assume ideal fault-bend folding behavior; however, mechanical modeling of growth fault-bend 305 

folds demonstrates that some internal deformation and compaction may be unaccounted for and can 306 

cause structural relief to slightly underestimate true fault slip (Benesh et al., 2007). Consequently, the slip 307 

magnitudes and rates reported here should be regarded as inherently conservative, as any shortening 308 

accommodated by distributed deformation or compaction outside the kink-band framework is not 309 

included.  310 

To evaluate whether deformation outside the kink bands could bias our uplift-based slip estimates, we 311 

performed a line-length balance of a middle Pleistocene seismic reflector near the growth–to–pre-growth 312 

transition, that can be traced continuously across the entire SFSA (yellow highlighted seismic reflector no. 313 

3 in Figure 2). Line-length balancing estimates horizontal shortening by comparing the restored length of 314 

a folded horizon to its present horizontal extent. This analysis shows that almost all displacement is 315 

recorded by shortening within the forelimb and backlimb kink bands, with only ~48 m of shortening 316 

accommodated between the kink bands over a north–south distance of ~6.2 km. Relative to the total fault 317 

slip of > 500 m inferred from kink-band width and uplift geometry of middle Pleistocene, distributed 318 

shortening between the kink bands thus represents no more than ~10% of cumulative fault slip since 319 

middle Pleistocene time, implying that any bias from distributed internal deformation is modest and that 320 

our uplift-derived slip estimates are conservative. 321 

An additional consideration is that the high-resolution seismic reflection profile on the backlimb, together 322 

with data from the Pico Rivera borehole, reveals evidence for either erosion of the top of the Mesa or 323 
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significantly reduced sediment accumulation on the upthrown side of the fold during this period. Because 324 

either process would diminish the apparent structural relief across the fold, this reinforces the 325 

interpretation described below that our slip-rate estimates are minimum values. In contrast, structural 326 

relief of the top of the Gaspur aquifer across the backlimb is based on boreholes near the eastern margin 327 

of the San Gabriel River channel, where fluvial incision is expected to have been minimal (Figure 5). While 328 

minor erosion of uplifted markers cannot be excluded, any such modification of the backlimb fold would 329 

likely reduce relief and thus would not challenge the conclusion that the reported slip rates are minimum 330 

estimates. 331 

Figure 4. Correlation of stratigraphic sequences across the Santa Fe Springs anticline using industry and high-332 

resolution seismic reflection profiles (inset), and borehole data. Sequence tops are matched to continuous 333 

reflectors traceable across the anticline flanks, though shallow reflectors cannot be followed across the crest due 334 

to sequence thinning and condensation. Borehole data from Cerritos-2, Norwalk-2, Pico-2 (Ponti et al., 2014; 335 

Bergen, 2015), and the Pico Rivera hole (inset) constrain the positions of time-correlative reflectors on either side 336 

of the fold crest. Structural relief across the forelimb and backlimb kink bands is estimated from the depth 337 

difference between crest and trough positions of each sequence top. The inset image shows the high-resolution 338 

seismic reflection profile, water monitoring well Pico 2, and the Pico Rivera borehole. Sequence boundaries 339 

identified in the Pico 2 well at the northern end of the section were correlated to discrete reflectors in the seismic 340 

profile and traced southward to the Pico Rivera borehole. The range of relief values calculated for the stratigraphic 341 

sequences reflects uncertainties in reflector–sequence boundary matching, seismic profile depth conversion, and 342 

the interpreted position of each sequence top within the Pico 2 borehole. A charcoal sample from a silt-rich horizon, 343 

interpreted as the top of the Mesa, provides additional age control for that contact. The high-resolution profile 344 

also provides some evidence for erosion of the upper Mesa on the upthrown side of the fold and/or markedly 345 

reduced sediment accumulation rates on that side. 346 

Figure 5.  Correlation of the top of the Gaspur aquifer across the crest of the Santa Fe Springs anticline as a function 347 

of elevation above sea level (ASL). The top of the Gaspur aquifer and the base of the Bellflower aquitard above it 348 
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is the contact between a coarse-grained sand or gravel and a fine-grained sand or silt unit above. This relatively 349 

shallow contact is well-constrained by a dense array of geotechnical holes throughout the city and boreholes from 350 

Leon et al. (2007) on Carfax Avenue (Figure 1b). The top of the Gaspur aquifer is folded at two distinct buried 351 

monoclinal scarps located at the upward projections of both the forelimb and the backlimb growth triangles. The 352 

drilling data allow us to measure the structural relief across the two growth triangles to provide a comparative 353 

measurement of forelimb and backlimb deformation during Holocene times. 354 

3.5. Slip Rate Calculations  355 

3.5.1. Uplift of Sequences 356 

To quantify uplift during fold growth, we measured the absolute depth of each marker reflector’s crest 357 

and trough relative to the ground surface, using a combination of the industry seismic reflection profile, 358 

the high-resolution seismic reflection profiles, and borehole data (Figure 4). These measurements provide 359 

a direct record of structural relief, which we interpret as the cumulative result of post-depositional folding 360 

and uplift within discrete kink bands on both the forelimb and the backlimb of the SFSA. 361 

The sediments underlying the study area consist of laterally continuous, Pleistocene fluvial and minor 362 

marine deposits composed mainly of sands and gravel-bearing units. These sediments were originally 363 

deposited at low stream gradients (<1°) and because of their generally coarse grain size do not drape pre-364 

existing topography but rather were deposited as near-horizontal units buttressing any pre-existing 365 

topography (e.g., fold scarps) (e.g., Blatt et al., 1980; Dolan et al., 2003; Leon et al., 2007). Drilling and 366 

seismic reflection data confirm that these strata maintain lateral continuity and exhibit no significant 367 

thickening on the downthrown sides of growth triangles, reinforcing the interpretation that deposition 368 

occurred at gentle stream gradients. We also accounted for uncertainties in the velocity structure of the 369 

Los Angeles Basin, which influence depth migration in seismic reflection data and must be considered as 370 

potential errors in extrapolating sequence tops from borehole data across the seismic reflection profiles. 371 
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This approach yielded a probability distribution of structural relief for each sequence top, allowing for a 372 

more robust quantification of deformation (Table 1, Supplemental Table S4). For a more detailed 373 

assessment of uncertainties in basin velocities and seismic depth conversions the reader is referred to 374 

Bergen et al. (2017). 375 

Given this depositional framework, we interpret the measured structural relief as a direct manifestation 376 

of fold-related uplift within the kink bands. The exceptions are: (1) the top of the Gaspur aquifer, which 377 

occurs at an average depth of less than 15 m across the SFSA and is not readily discernible in any of the 378 

available seismic reflection data; and (2) the top of the Mesa on the forelimb of the SFSA. This horizon is 379 

also too shallow to be recognized in the industry seismic reflection profile and is difficult to discern in the 380 

high-resolution seismic reflection profile on the forelimb. Instead, the structural relief of the top of the 381 

Gaspur across the forelimb and backlimb kink bands, and the top of the Mesa on the forelimb kink band, 382 

was measured from the north-south transect of boreholes shown in Figure 5. 383 

3.5.2. Calculating fault displacements  384 

Having determined the geometry of both the fault ramp and the overlying folded strata, we apply fault-385 

bend theory to calculate fault displacements since the deposition of each stratigraphic sequence (e.g., 386 

Suppe, 1983; Shaw et al., 2002; Connors et al., 2021; Don et al., 2022). The variables used to calculate 387 

fault displacements are (1) the uplift of the tops of the successive stratigraphic sequences (across the 388 

forelimb and backlimb growth triangles) measured using the seismic reflection and borehole data, and (2) 389 

the dip of the three fault ramp segments (Table 1, Supplemental Materials). 390 

The displacement on the FLR since the deposition of a specific sequence is the structural relief of the top 391 

of that sequence across the forelimb kink band divided by the sine of the measured 27° dip of the thrust 392 

ramp beneath the forelimb (FLR) (Figure 3, Table 2). The structural relief in sequences folded across the 393 

backlimb kink band results from fault displacement through the fault-bend between the steepened 394 
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(central) thrust ramp (BLR-S2) and the deeper, moderately dipping (lower) thrust ramp (BLR-S1). To 395 

calculate the BLR-S2 and BLR-S1 displacements we use trigonometric relationships determined by Don et 396 

al. (2022) between the dips of the backlimb fault segments and the backlimb uplift across the kink band 397 

(Figure 3, Table 2, Supplemental Table S5). 398 

Table 2. Cumulative fault displacements of marker horizons 399 

3.5.3. Middle Pleistocene to Holocene incremental slip rate record 400 

We combined the ages of stratigraphic sequence tops with the calculated fault displacements to generate 401 

an incremental slip rate record for the FLR, BLR-S2, and BLR-S1 thrust segments at multiple periods during 402 

the past 1.4 million years (Table 3). Specifically, we used the ages of the stratigraphic sequence tops, which 403 

represent the youngest possible age for the preceding growth interval, to bracket each incremental 404 

displacement interval.  405 

For each fault ramp segment, three incremental slip rate records were calculated using different basin 406 

velocity models (slow, fast, and preferred) for depth migration of the seismic reflection data (Section 6 of 407 

the Supplemental Materials).  Variations in the adopted velocity structure produce systematic dip changes 408 

in the fault system (of approximately 2) and corresponding differences in the amount of slip 409 

accommodated during fold growth. Only results from our preferred velocity model are discussed here, as 410 

they best fit previous observations (e.g., Shaw & Shearer, 1999; Allmendinger & Shaw, 2000; Bergen, 411 

2015; Bergen et al., 2017) and match the stratigraphy documented in the borehole data. Accordingly, all 412 

tables report slip rates from this preferred model; results from alternative velocity models are provided 413 

in Supplemental Table S5. 414 

Incremental slip rates were calculated using RISeR (https://github.com/rzinke/RISeR; Zinke et al., 2017, 415 

2019), a Python-based software package that employs Markov Chain Monte Carlo  416 
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(MCMC) sampling to calculate slip rate probabilities between deformed marker horizons with known ages 417 

and accumulated slip. RISeR allows for the propagation of uncertainties inherent in all physical 418 

measurements (e.g., age uncertainties, uplift measurement uncertainties). 419 

Uncertainties in slip rate calculations arise from (1) measurement errors of the absolute depth of troughs 420 

and crests of reflectors, (2) matching of continuous reflectors to sequence boundaries in boreholes, (3) 421 

the velocity model used for migration of the seismic reflection data, and (4) the ages of stratigraphic 422 

sequence tops. Despite these uncertainties, slip rate models using different seismic velocity parameters 423 

yield consistent patterns of relative fault displacements between the forelimb and backlimb ramp 424 

segments and consistent patterns of rate variation since middle Pleistocene time (Supplemental Table S5 425 

and Supplemental Figure S8). 426 

Slip rate observations 427 

Including the ground surface, we have eight dated marker horizons, defining seven intervals over which 428 

we calculate average slip rates on the thrust ramp beneath the backlimb and forelimb of the PHT.  These 429 

intervals are from oldest to youngest: (1) the top of the upper Long Beach sequence to the top of the 430 

lower Wilmington sequence, which spans the interval from ~1400 to ~580 ka; (2) the top of the lower 431 

Wilmington sequence to the top of the upper Wilmington sequence (~580 to ~475 ka); (3) the top of the 432 

upper Wilmington sequence to the top of the Harbor sequence (~475 to ~160 ka); (4) the top of the Harbor 433 

sequence to the top of the Pacific sequence (~160 to ~110 ka); (5) the top of the Pacific sequence to the 434 

top of the Mesa sequence (~110 to ~21 ka); (6) the top of the Mesa sequence to the top of the Gaspur 435 

aquifer (~21 to ~10 ka); and (7) the top of the Gaspur sequence to the ground surface (~10 ka to present).  436 

The incremental slip rate record we calculated for the PHT shows significant variation in rates over time, 437 

with incremental slip rates calculated for all ramp segments ranging from as slow as 0.2 mm/yr during the 438 
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middle to late Pleistocene (~1400 to 160 ka), to as fast as 2.5 mm/yr during the latest Pleistocene and  439 

Holocene (past ~21.4 kyr) (Figure 6; Table 3). In general, the slip rate of the Santa Fe Springs segment of 440 

the PHT has increased during the past ca. 500,000 years. In particular we document a marked rate increase 441 

on both the forelimb and the backlimb at the time of deposition of the Harbor sequence sometime 442 

between ~200 and 117 ka. 443 

To assess whether observed slip rate variations reflect genuine changes in fault behavior or rather result 444 

from data uncertainties, we compare probability distributions for successive time intervals. Although the 445 

MCMC sampling simulations (from RISeR) yield overlapping slip rate distribution tails, the overlap 446 

between post-Harbor and pre-Harbor slip rates is less than 5%. This limited overlap indicates that the 447 

observed four-fold increase in slip rate is unlikely to result from calculation errors and reflects a real 448 

change in fault behavior during late Pleistocene time. 449 

Forelimb versus Backlimb fault displacements  450 

In order to quantify slip partitioning along the fault ramp through time, we calculate the ratio of preferred 451 

forelimb to backlimb slip rates for each of the seven time intervals. We define this forelimb-to-backlimb 452 

slip rate ratio (FBSRR) as the slip rate on the forelimb ramp (FLR) divided by the slip rate on the steepened 453 

backlimb ramp (BLR-S2) for a given time interval. In the following, we simply refer to this ratio as the 454 

displacement ratio or the FBSRR. 455 

The same backlimb uplift measurements and sequence ages were used to calculate the incremental slip 456 

rate record for the two backlimb thrust ramp segments BLR-S1 and BLR-S2 (Table 3). The displacement 457 

ratio (and thus the slip rate ratio) between these two segments is the “R-value,” a parameter derived from 458 

the geometric relationships of the backlimb ramp segments using the fault-bend folding formulation of 459 

Suppe (1983). Thus, because ramp segment BLR-S2 is steeper than ramp segment BLR-S1 forming a 460 
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concave upward fault bend, BLR-S2 displacements and slip rates are consistently 12% greater than on BLR-461 

S1 for all time intervals (Table 2).  462 

To evaluate relative slip rates derived from the forelimb and backlimb through time, we compare the 463 

FBSRR over the seven intervals bounded by the successive sequence tops (Table 3). The reflector at the 464 

top of the upper Long Beach sequence records approximately 1.4 million years of cumulative 465 

displacement, with the FLR recording only 63% of the displacement observed on the BLR-S2. Our analyses 466 

reveal a low FBSRR of less than 0.51 between the deposition of the upper Long Beach and the lower 467 

Wilmington sequences (between ~1400 to ~580 ka). This ratio increases to an average of more than 0.8 468 

between the upper Wilmington sequence and the Mesa sequence (between ~475 to 21 ka). The change 469 

from slip-ratio increase (increase in forelimb activity relative to the backlimb) to slip-ratio decrease 470 

(decrease in forelimb activity relative to the backlimb) occurred around the time of deposition of the 471 

Harbor sequence between ~200 and 117 ka. In the youngest part of the section, from the top of the Mesa 472 

sequence to the present (~21 ka to 0 ka), the FBSRR declines to an unexpectedly low value of less than 473 

0.5. Although the FBSRR values do not incorporate formal uncertainty bounds, the magnitude of the 474 

observed temporal variability—particularly the large increases and decreases in slip-rate ratios—exceeds 475 

any plausible error range and would not affect the broader patterns of changes in slip partitioning 476 

between the FLR, BLR-S1, and BLR-S2 inferred by these ratios.   477 

Table 3. Slip-Rates for the three fault segments  478 

Figure 6. Incremental slip rate record for each of the three fault ramp segments. Preferred slip rates in mm/yr are 479 

shown as lines connecting points of preferred displacement and preferred sequence ages for ramp segments FLR 480 

(blue), BLR-S2 (red) and BLR-S1 (yellow). The rectangles show the range of the 1-sigma uncertainties for 481 

displacement and age of each sequence. The inset shows the slip rate recorded by the Harbor, Pacific, Mesa, and 482 
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Gaspur since 200 ka. Detailed slip rate results are shown in MCMC plots, for each fault ramp segment, in the 483 

Supplemental materials.  484 

4. Discussion 485 

The detailed incremental slip-rate record for the Santa Fe Springs segment of the Puente Hills blind-thrust 486 

fault (PHT), which we have documented, reveals a complex pattern of slip-rate variations since the 487 

deposition of the upper Long Beach sequence ca. 1.4 Ma. The data depict an evolving fault system with 488 

varied displacements across different fault ramp segments and a more than four-fold increase in slip-rate 489 

from late Pleistocene to Holocene time. These results have significant implications for understanding the 490 

kinematics and structural evolution of fault-related folds, for strain transfer between different fault 491 

segments and adjacent faults, and for seismic hazard analysis in the densely populated greater Los Angeles 492 

metropolitan region, which is home to more than 10 million people. 493 

4.1. Forelimb versus Backlimb displacements and slip rate variability 494 

The middle Pleistocene to present evolution of the Santa Fe Springs section of the PHT fold-fault system 495 

is elucidated by the ratio of forelimb-to-backlimb fault displacement over time. Direct comparisons of 496 

fault displacements beneath the forelimb and backlimb, recorded by uplifted seismic reflectors at the tops 497 

of regionally correlative stratigraphic sequences, show that displacements on the deep fault ramp 498 

segments (both BLR-S1 and BLR-S2) driving backlimb fold growth have experienced greater displacements 499 

than the shallower fault ramp segment (FLR) driving forelimb fold growth. 500 

The data presented here do not allow for displacement comparisons prior to deposition of the upper Long 501 

Beach sequence before 1.4 Ma, but evidence of earlier backlimb growth through kink band migration is 502 

observed in Pliocene-Pleistocene strata of the upper part of the Fernando Formation, indicating fault-503 

related folding has been active on the backlimb since at least 2.3 Ma (Shaw et al., 2002). 504 
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The displacement ratio (FBSRR) increased from as little as 0.36 (i.e., the forelimb records only 36 % of the 505 

displacement on the backlimb) before ca. 475 ka to approximately 0.7 between 160 ka and 475 ka, during 506 

deposition of the upper Wilmington and Harbor sequences. This indicates that backlimb growth was the 507 

primary mechanism for fault displacement until approximately 0.5 Ma, when forelimb growth began to 508 

accommodate significant strain. The ratio of forelimb to backlimb slip peaked at ~0.9 sometime between 509 

the deposition of the Harbor and Mesa sequences, between ~21 ka and 160 ka, declining thereafter to a 510 

ratio less than 0.5.  511 

The increase in forelimb displacement relative to backlimb displacement after ~475 ka marks the initiation 512 

of fault-bend folding accommodating slip on the forelimb, with material displaced onto a horizontal or 513 

subhorizontal detachment at the tip of the PHT that extends south into the central Los Angeles Basin 514 

(Shaw et al., 2002). Supporting evidence for the establishment of the forelimb fault-bend folding of the 515 

PHT during this period comes from industry seismic reflection data, which show parallel synclinal and 516 

anticlinal axial surfaces beneath the reflector at the top of the upper Wilmington sequence—indicating 517 

that these pre-growth strata were deposited before the formation of the forelimb kink band (Figure 4). 518 

The late Pleistocene forelimb to backlimb slip ratio of 0.9 is consistent with the prediction for a well-519 

established fault-bend fold (Suppe, 1983; Shaw et al., 2005). 520 

For the two youngest intervals that we analyzed, spanning the last ~21 ky, however, the displacement 521 

ratio (FBSRR) is much lower (0.40 to 0.46) than the 0.9 ratio observed during the previous > 100 ky after 522 

establishment of the forelimb fault-bend fold. Such a marked decrease in the FBSRR in the youngest 523 

intervals we study is a surprising observation in a well-developed fault-bend fold system like the SFSA. 524 

This ratio could reflect either an anomalously slow forelimb slip rate relative to the backlimb, or an 525 

anomalously fast backlimb slip rate relative to the forelimb. 526 
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There are several possible explanations for these young, anomalously low ratios, including: (1) erosion of 527 

either the forelimb hangingwall block or erosion of the backlimb footwall block; (2) recent changes in the 528 

kinematics of the fault-bend fold system, such as a decrease in forelimb slip due to increased resistance 529 

to fault slip on the fault flat above the top of the ramp (e.g., Hughes et al., 2014); and/or (3) recent 530 

acceleration of slip on a backthrust observed in industry wells within the backlimb of the SFSA at a depth 531 

of ~1 km (pink line in Figure 2); slip on this backthrust would contribute to structural relief of the backlimb, 532 

while reducing the amount of slip.  533 

Although erosion of the upthrown side of the forelimb kink band or erosion of the downthrown side of 534 

the backlimb kink band would generate an anomalously low FBSRR, evidence for significant erosion is 535 

poorly constrained by available borehole and seismic reflection data within the youngest stratigraphic 536 

interval that records deposition over the past ~21 ka. Moreover, we consider it unlikely that the 537 

kinematics of this well-established fault-bend fold system would have changed fundamentally over such 538 

a short time interval. Finally, the backthrust observed in industry wells exhibits only minor offset, making 539 

it improbable that slip on this structure has been sufficient to drive the observed shift in displacement 540 

ratios in the shallow subsurface. Taken together, these considerations indicate that, while several 541 

plausible mechanisms exist, the available stratigraphic, geomorphic, and subsurface data are presently 542 

insufficient to discriminate among them or to uniquely resolve the cause of the Holocene decrease in 543 

FBSRR. 544 

Regardless of the mechanism responsible for this decrease in FBSRR, these data demonstrate that fault 545 

activity after deposition of the Long Beach sequence but prior to deposition of the Harbor sequence 546 

(between ~475 ka and 580 ka) was relatively slow, with thrust slip rates between ~0.2 mm/yr and ~0.8 547 

mm/yr. A significant increase in slip rate occurred around the time of deposition of the top of the Harbor 548 

sequence (between ~117 ka and 200 ka), accelerating from ~0.3 mm/yr to ~1.2 mm/yr on the forelimb 549 
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and from ~0.4 mm/yr to ~1.3 mm/yr on the backlimb. Bergen et al. (2017) observed a similar increase in 550 

fault slip rate at approximately the same time on the western, Los Angeles segment of the PHT, with slip 551 

rates accelerating from ~0.45 mm/yr in the late Pleistocene (between ca. 288 ka and ca. 163.5 ka) to ~1.33 552 

mm/yr in the Holocene (ca. 15 ka to present day). This indicates coordinated behavior of both the Los 553 

Angeles and Santa Fe Springs segments of the PHT and suggests that there was a significant change in the 554 

kinematics of the contractional fault system beneath the northern Los Angeles metropolitan region ca. 555 

160 ka. As noted above, this distinct increase in slip rate is temporally correlated with the peak in the 556 

FBSRR, which we interpret as recording the initiation of full forelimb folding and the establishment of the 557 

fault-bend fold kinematics that have defined the structure since ca. 160 ka, despite evidence for at least 558 

some activity on the forelimb prior to this time. Our record gives no indication of the slip rate slowing up 559 

to the present, and indeed rates calculated from the backlimb folding show a continued increase in slip 560 

rate into the Holocene, with slip rates averaged from ca. 160 ka to present of ~1.7 mm/yr relative to the 561 

Holocene slip rate averaged since ca. 10 ka of ~2.4 mm/yr. This would suggest that the slip rate of the 562 

Santa Fe Springs segment of the PHT measured on the basis of backlimb folding above the deep thrust 563 

ramp has accelerated in the latest Pleistocene and Holocene time.  564 

4.2. Comparison with other contractional faults in the Los Angeles Basin accommodating North-South 565 

shortening 566 

A striking discrepancy exists in the Los Angeles Basin between fault slip-deficit rates calculated on the 567 

basis of modelling of geodetic data relative to longer-term geologic fault slip rates. Specifically, geodetic 568 

data indicate that north-south shortening of the Los Angeles metropolitan region is occurring at a rate of 569 

~8 - 9 mm/yr (Rollins et al., 2018). Modeling of these geodetic data suggests that most of this strain 570 

accumulation is associated with several major reverse faults, including the Puente Hills blind-thrust fault, 571 

the Sierra Madre fault, and the Compton blind thrust fault. The models suggests slip-deficit rates of 3 - 4 572 
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mm/yr on these thrust faults, yet previous geologic measurements of the latest Pleistocene-Holocene slip 573 

rates on most of these faults reveal much slower longer-term average geologic slip rates on the order of 574 

< 1 to ~1.5 mm/yr (e.g., Crook et al., 1987; Tucker & Dolan, 2001; Shaw et al., 2002; Dolan et al., 2003; 575 

Myers et al., 2003; Leon et al., 2007; 2009; Bergen et al., 2017; Burgette et al., 2020). At 2.4 ± 0.26 mm/yr, 576 

however, the best-estimate Holocene slip rate we generate from the backlimb folding above the deep 577 

ramp of the PHT SFS is much faster than the long-term (~1.6 Ma to present) average slip rate of 0.44 - 578 

0.82  mm/yr determined by Shaw et al. (2002) and the Holocene slip rate derived from the forelimb folding 579 

of ≥ 0.9 to 1.6 mm/yr, as was originally suggested by Dolan et al. (2003) and Leon et al. (2007).  580 

The geodetic–geologic rate discrepancy is particularly pronounced if we were to use the Holocene PHT 581 

slip rate derived from the forelimb folding of ~1.1 ± 0.1 mm/yr, as originally suggested by Dolan et al. 582 

(2003) and Leon et al. (2007). As detailed above, however, the PHT forelimb slip rate is a minimum rate 583 

relative to the slip rate of the deeper ramp both because some shortening is consumed by folding between 584 

the forelimb and backlimb growth triangles of the SFSA, and because the decrease in the ratio of forelimb 585 

to backlimb folding indicates that a significant portion of the slip on the deep thrust ramp has not 586 

extended updip along the thrust ramp and all the way through the fault tipline during Holocene time. In 587 

contrast, although the revised, much faster best-estimate Holocene slip rate for the PHT of ~2.4 mm/yr 588 

that we document partially closes the gap between the geodetically defined slip-deficit rate for the Santa 589 

Fe Springs segment of the PHT, overall the geodetic data suggest that strain is accumulating on the urban 590 

fault network beneath the Los Angeles metropolitan region at much faster rates than would be suggested 591 

on the basis of the cumulative geologic fault slip rates on these structures. This, despite the fact that the 592 

entire ~250-year-long historic period, and likely the past ≥ 1,000 years, has been a period of anomalously 593 

low seismic energy release (Dolan et al., 1995, 2007), with much more elastic strain energy accumulating 594 

on the urban faults than has been released during this period. However, it should be noted that some of 595 

this rate discrepancy might be reduced if uncertainties in the geodetic modelling framework are 596 
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considered, including underestimation of the influence of strike-slip faults, the role of bulk crustal 597 

compaction, and incomplete representation of shortening accommodated by smaller or poorly 598 

characterized structures in the Los Angeles Basin; future modelling studies of the geodetic surface 599 

deformation field could potentially reduce the magnitude of this discrepancy.  600 

These results suggest that either the rate of elastic strain accumulation has recently accelerated on the 601 

urban fault network beneath Los Angeles, or that we have insufficient resolution on latest Pleistocene-602 

Holocene slip rates for many of these urban faults to discern any potential late Holocene acceleration in 603 

seismic fault slip that might explain the current rapid rates of elastic strain accumulation observed with 604 

geodetic data.  605 

4.3. Seismic hazard implications 606 

The increase in fault slip rate since late Pleistocene time observed on both the Los Angeles segment and 607 

the Santa Fe Springs segment of the PHT suggests either an increase in earthquake frequency or an 608 

increase in displacement per earthquake, as noted by Bergen et al. (2017) for the western Los Angeles 609 

segment of the PHT.  610 

Paleoseismic studies of the PHT reveal the presence of well-defined paleo-fold scarps, that are interpreted 611 

as recording co-seismic fold growth (Dolan et al., 2003; Leon et al., 2007). Such coseismic fold-growth has 612 

been observed in large-magnitude earthquakes (e.g., 1980 El Asnam, 1983 Coalinga, and 1999 Chi-Chi), 613 

whereas there is no compelling geologic or geodetic evidence that fault-related folds grow predominantly 614 

via aseismic or interseismic creep mechanisms (Yielding et al., 1981; Stein & King, 1984; Chen et al., 2007).  615 

Although paleoseismic evidence shows that the PHT has generated multiple Mw > 7 earthquakes during 616 

Holocene time (Dolan et al., 2003; Leon et al., 2007), the 1987 ML = 5.9 Whittier Narrows earthquake 617 

(Hauksson & Jones, 1989) is the largest earthquake generated by the PHT since the establishment of Los 618 
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Angeles in the late 1700s. Despite its moderate size, the 1987 earthquake caused more than $200 million 619 

in damage and demonstrated that even relatively small earthquakes generated by the PHT pose a 620 

significant seismic threat to metropolitan Los Angeles (Field et al., 2005). Indeed, because of the location 621 

of the PHT directly beneath the heart of the metropolitan Los Angeles region, coupled with the fault’s 622 

north-dipping geometry, which will focus seismic waves directly into the core of the urban city center and 623 

the Los Angeles Basin, and its slip rate documented here, the PHT represents one of the greatest seismic 624 

risks in the United States (e.g., Dolan et al., 2003; Leon et al., 2007; Field et al., 2005), and any increase in 625 

either the frequency or the magnitude of major PHT earthquakes that is used in the development of 626 

probabilistic seismic hazard assessment (e.g., the Uniform California Earthquake Rupture Forecast version 627 

3 model; Field et al., 2015) is a key concern for this region. 628 

Our observations show that, on average since the inception of the current fault-bend fold kinematics of 629 

the Santa Fe Springs segment of the PHT ca. 170 ka, approximately 80% of fault displacement recorded 630 

by backlimb folding is accommodated on the forelimb. This indicates that at least since the late 631 

Pleistocene the forelimb growth triangle records ≤ 80 % of the total slip at depth on the deep thrust ramp. 632 

Consequently, seismic hazard assessments based solely on forelimb data will significantly underestimate 633 

the full slip rate of the fault, with a commensurate underestimation of the probabilistic seismic hazard 634 

posed by the fault.  635 

The marked increase in slip rate since ~21 ka may partially reconcile the long-standing discrepancy 636 

between geologic and geodetic slip-rate estimates, a discrepancy that directly impacts seismic hazard 637 

assessments for metropolitan Los Angeles. Long-term geologic slip rates from the forelimb (~0.6 mm/yr) 638 

and Holocene rates for the forelimb calculated here (~1.1 mm/yr) are substantially lower than the 3 – 4 639 

mm/yr strain accumulation rates modeled by Rollins et al. (2018), but are more closely aligned with 640 
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Holocene age backlimb slip rates ( > 2.4 mm/yr) for the SFSA. However, even when backlimb data are 641 

included, a significant gap remains between geologic and geodetic estimates.  642 

If true, this discrepancy could indicate a higher probability of near-future earthquake recurrence relative 643 

to the long-term average geological fault slip rates in current seismic hazard assessments, or the 644 

discrepancy may reflect unmodeled off-fault deformation or limitations in the rheological and structural 645 

assumptions underlying current geodetic inversions. Alternatively, this discrepancy could reflect the lack 646 

of detailed incremental slip-rate records for latest Pleistocene-Holocene time for all of the major faults of 647 

the Los Angeles metropolitan region. Resolving this issue will require higher temporal resolution 648 

incremental slip rate data than are currently available, as well as improved models of basin geometry, 649 

basement depth, and elastic properties used in forward and inverse modeling. This discrepancy remains 650 

a fundamental uncertainty with significant implications for evaluating the seismic potential of the blind 651 

thrust systems beneath metropolitan Southern California.  652 

5. Conclusions 653 

Our long-term record of incremental fold growth elucidates the progressive development of the Santa Fe 654 

Springs segment of the Puente Hills blind-thrust fault (PHT) at seven different time steps, providing a more 655 

detailed understanding of the structural evolution of the system, the role played by the PHT in the active 656 

tectonics of southern California, and the seismic threat the PHT poses to the greater Los Angeles 657 

metropolitan region. Our analysis indicates that from ca. 1.4 Ma to ca. 475 ka, the forelimb folding exhibits 658 

only 36 to 52 % of the deep thrust displacement recorded on the backlimb, indicating that the majority of 659 

slip during this phase was accommodated by backlimb growth. Subsequent to ~475 ka, the forelimb rate 660 

increases, with the forelimb recording as much as 92% of the displacement measured on the backlimb, 661 

suggesting an increased role of forelimb folding in accommodating deep thrust displacement and 662 

stabilization of fold growth dynamics that persists to the present day. In addition to the basic change in 663 
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the dynamics of the system ca. 475 ka, we document a pronounced increase in slip rate sometime 664 

between ~475 and 160 ka, with thrust slip rates based on forelimb folding accelerating from ~0.3 mm/yr 665 

to ~1.2 mm/yr, relative to backlimb thrust slip rates that accelerate from ~0.4 mm/yr to ~2.4 mm/yr 666 

(Holocene maximum). A similar acceleration in thrust slip rate at approximately the same time was 667 

observed on the western Los Angeles segment of the PHT by Bergen at al. (2017) indicates that the two 668 

fault segments are behaving in concert.  669 

Consistently faster displacement rates on the backlimb compared to the forelimb suggest that slip rates 670 

derived from forelimb growth strata likely underestimate the slip rate of the deeper seismogenic portions 671 

of blind thrust faults like the PHT. In the case of the PHT, this discrepancy may partially explain differences 672 

between slower geological fault slip rates and geodetic slip-deficit rates of elastic strain accumulation. 673 

Inasmuch as some early estimates of the current slip rate of the PHT were based on analyses of forelimb 674 

folding (e.g., Dolan et al., 2003; Leon et al., 2007), the seismic hazard posed by the PHT may be greater 675 

than initially estimated. Using the thrust displacement rates we derived from backlimb folding, the PHT 676 

exhibits a latest Pleistocene-Holocene average thrust slip rate of ~1.4 mm/yr (since the deposition of the 677 

Pacific ca. 110 ka), consistent with the rate of occurrence of large-magnitude (Mw≥ 7) paleo-earthquakes 678 

observed across the forelimb of the fault by Dolan et al. (2003) and Leon et al. (2007). These results 679 

highlight the seismic threat posed by the PHT. Specifically, the location of the PHT directly beneath the 680 

core of the Los Angeles metropolitan region, home to more than 10 million people, coupled with its north-681 

dipping geometry, will focus seismic wave energy up-dip beneath downtown Los Angeles and into the 682 

deep Los Angeles Basin, underscoring the potential for severe ground shaking. Evidence for kinematic 683 

linkage between at least the western and central segments of the PHT, together with the relatively fast 684 

latest Pleistocene–Holocene average slip rate documented here, further indicates that the PHT represents 685 

one of the largest deterministic seismic hazards in the United States. 686 



31 

6. Acknowledgements 687 

We thank the many people who assisted in the acquisition of all of the different data sets used in this 688 

analysis, including students from the University of Southern California, Harvard University, and the 689 

Statewide California Earthquake Center (SCEC) summer Intern program, as well as USGS personnel and 690 

personnel from the University of Nevada-Las Vegas and New Mexico Tech, who provided the vibrator and 691 

associated expertise.  We also thank the cities of Los Angeles, Bellflower, Fullerton, and Pico Rivera for 692 

permission to conduct our research on city property.  We gratefully acknowledge funding support for the 693 

many projects incorporated into this study provided by multiple grants from the U.S. National Science 694 

Foundation, the U.S. Geological Survey, the Statewide California Earthquake Center, the University of 695 

Southern California Department of Earth Sciences, and Harvard University. We also thank reviewers Chris 696 

Rollins, Alexandra Hatem, and an anonymous reviewer for their helpful and constructive comments on 697 

this manuscript.   698 



32 

7. Open Research 699 

The displacement and age model datasets, as well as the drilling database supporting the findings of this 700 

study are publicly available at Anthonissen (2025). Slip rate probability distributions were generated using 701 

the RISeR software package described in Zinke et al. (2019), which applies a Bayesian MCMC approach to 702 

estimate rates of slip accumulation between dated marker horizons.  703 

The raw data and software supporting this study are available in FAIR-compliant repositories and are cited 704 

in the reference list below. 705 

The seismic reflection profiles are archived in a U.S. Geological Survey data release available at Pratt 706 

(2026;  https://doi.org/10.5066/P1XIR92T). 707 
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9. Tables 1084 

Table 1. Structural relief and ages of marker horizons 1085 

  Forelimb Relief (m) Backlimb Relief (m)   Age (ka)   

Sequence Top Min Pref Max Min Pref Max   Pref Min Max Age range determined from 

Marine 
Isotope 
Stage 

Gaspur aquifer 
(Dominguez) 

4.14 5.04 5.74 3.5 5.9 7.1   10.1 9.15 10.67 
Leon et al. (2007) sample 2010 and 

sample 1813 
Holocene 

Mesa 7.5 10.6 13.7 10.4 13.4 16.4   21.4 17 28 

Between the base of Dominguez and the 
Laschamp magnetic polarity event (~40 

ka) identified in Long Beach holes. 
Preferred age from 14C sample collected 

from the Pico Rivera hole. Oldest age 
boundary from luminescence dating in 

McDougall et al. (2012) 

MIS 2, 3 
and 4 

Pacific 28.2 52.2 76.2 32.6 38.6 44.6   110 80 117 
Between the oldest age of the Pacific A or 
the Pacific and the Blake magnetic polarity 

event at ~117 ka  
MIS 5 

Harbor 64.1 83.6 103.1 44.6 57.1 69.6   160 117 200 
Between the Blake polarity event and the 

Pringle Falls magnetic event 
MIS 6 

upper Wilmington 103.9 127.9 151.9 77.6 88.6 99.6   475 450 550 
Base of the Brent Spring sequence and 

the Big Lost magnetic event 

MIS 13 to 

MIS 14 

lower Wilmington 106.8 132.8 158.8 89.6 108.6 127.6   580 580 640 
Base of the upper Wilmington and the age 

of the Lava Creek ash 

MIS 17+ to 

MIS 15 

upper Long Beach 163.8 189.8 215.8 125.6 164.6 203.6   1400 780 1770 
Base of the lower Wilmington and the 

Olduvai Normal Polarity Subcrhon 
  

 1086 

 1087 

 1088 

 1089 

 1090 
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Table 2. Cumulative fault displacements of marker horizons 1091 

 Forelimb displacement 
(m) 

BL-S1 displacement (m) BL-S2 displacement (m) Cumulative Displacement 
Ratios 

Sequence Top Min  Pref Max Min  Pref Max Min  Pref Max  FL : BL-S2 BL-S2 : BL-
S1 

Gaspur aquifer 
(Dominguez) 

9.1 11.1 12.6 12.8 21.4 25.8 14.3 24.0 28.9  0.46 1.12 

Mesa 16.4 23.3 30.1 37.5 48.4 59.2 42.0 54.2 66.3  0.43 1.12 

Pacific 62.0 114.9 167.8 117.9 139.6 161.3 132.0 156.3 180.6  0.73 1.12 

Harbor 141.2 184.1 227.1 161.3 206.5 251.7 180.6 231.3 281.9  0.80 1.12 

upper Wilmington 228.8 281.7 334.6 280.7 320.5 360.3 314.4 358.9 403.5  0.78 1.12 

lower Wilmington 235.3 292.6 349.8 324.1 392.9 461.6 363.0 440.0 517.0  0.66 1.12 

upper Long Beach 360.8 418.1 475.4 454.4 595.5 736.6 508.9 667.0 825.0  0.63 1.12 

 1092 

  1093 



3 

Table 3. Slip rates for the three fault segments 1094 

 
Time Span 

 

Prefered Incremental 
Displacements (m) 

 

Fault Ramp Segment Slip Rates   Slip Rate Ratios 
(FBSRR) 

 Forelimb  BL-S1 BL-S2  

Sequences 
~From 

(ka) 
~To 
(ka) 

Delta 
(ka) 

 FLR 
BLR-

S1 
BLR-

S2 
 

Rate 
(mm/y

r) 
+ - 

Rate 
(mm/yr) 

+ - 
Rate 

(mm/yr) 
+ -  

FL :  
BL-S2 

BL-S2 : 
BL-S1 

Top Gaspur to Present 10.1 0 10.1  11.1 21.4 24.0  1.11 0.09 0.09 2.15 0.24 0.23 2.41 0.26 0.26  0.46 1.12 

Top Mesa to Top Gaspur 21.4 10.1 11.3  12.2 27.0 30.2  1 0.41 0.32 2.23 0.79 0.60 2.50 0.88 0.67  0.40 1.12 

Top Pacific to Top Mesa 110 21.4 88.6  114.9 139.6 156.3  1.14 0.36 0.34 1.13 0.23 0.18 1.27 0.25 0.2  0.90 1.12 

Top Harbor to Top Pacific 160 110 50  69.3 66.9 75.0  1.23 1 0.62 1.18 0.88 0.50 1.32 0.98 0.56  0.93 1.12 

Top upper Wilmington to 
Top Harbor 

475 160 315  281.7 320.5 358.9  0.26 0.1 0.09 0.34 0.10 0.09 0.38 0.11 0.1  0.68 1.12 

Top lower Wilmington to 
Top upper Wilmington 

580 475 105  10.9 72.4 81.1  0.28 0.32 0.2 0.68 0.47 0.35 0.77 0.52 0.39  0.36 1.13 

Top upper Long Beach to 
Top lower Wilmington 

1400 580 820  418.1 595.5 667.0  0.16 0.1 0.06 0.28 0.19 0.12 0.31 0.21 0.13  0.52 1.11 
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10. Figures 1096 

Figure captions are retained in main text. 1097 
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