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Supplemental Material

On 5April 2024, 10:23 a.m. local time, amomentmagnitude 4.8 earthquake struck Tewksbury
Township, New Jersey, about 65 kmwest of NewYork City.Millions of people fromVirginia to
Maine and beyond felt the ground shaking, resulting in the largest number (>180,000) of U.S.
Geological Survey (USGS) “Did You Feel It?” reports of any earthquake. A team deployed by
the Geotechnical Extreme Events Reconnaissance Association and the National Institute of
Standards and Technology documented structural and nonstructural damage, including sub-
stantial damage to a historic masonry building in Lebanon, New Jersey. The USGS National
Earthquake Information Center reported a focal depth of about 5 km, consistentwith a lack of
signal in Interferometric Synthetic Aperture Radar data. The focal mechanism solution is strike
slip with a substantial thrust component. Neither mechanism’s nodal plane is parallel to the
primary northeast trend of geologic discontinuities andmapped faults in the region, including
the Ramapo fault. However, many of the relocated aftershocks, for which locations were aug-
mented by temporary seismic deployments, form a cluster that parallels the general northeast
trend of the faults. The aftershocks lie near the Tewksbury fault, north of the Ramapo fault.

Introduction
Earthquakes in plate interiors are relatively rare and difficult to

forecast. In the central and eastern United States (CEUS), a sta-

ble continental region of North America, tectonic earthquakes

(i.e., not triggered by human activity) with magnitude (M)

greater than 3, not including foreshocks, aftershocks, or induced

events (Petersen et al., 2023), occur about 20 times per year

(Sykes et al., 2008). In contrast, earthquakes greater than M

3 in California, which hosts the right-lateral strike-slip boundary

between the North American and Pacific plates, generally occur

at least 10 times more often (based on analysis of wmm_104.c2

seismicity catalog in Petersen et al., 2023). Moreover, earth-

quakes near plate boundaries can often be associated with

mapped faults having documented Quaternary offset, whereas

few active faults are recognized in the CEUS (Jobe et al.,

2022). Regardless, several moderate- to large-magnitude earth-

quakes have occurred along the eastern United States in the last

few hundred years, including the 1755 (estimated) M 6 Cape
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Ann, Massachusetts (e.g., Monecke et al., 2018), 1886 M 7

Charleston, South Carolina (e.g., Dutton, 1889; Pratt et al.,

2022), and the 2011 moment magnitude (Mw) 5.8 Mineral,

Virginia (e.g., Horton et al., 2015) earthquakes (Fig. 1 inset).

These earthquakes did not occur on previously recognized

faults, and they all caused damage. A global study of continental

intraplate earthquakes found that moderate-to-large earth-

quakes preferentially occurred along rifted continental margins

and identified eastern North America, including New Jersey, as

one of these regions (Schulte and Mooney, 2005; Nikolaou et al.,

2012). Hence, for intraplate regions, rifted continental margins

likely have a higher seismic hazard in comparison to nonrifted

continental interiors.

The relatively low rate of present-day seismicity and lack of

evidence of recent large surface ruptures in the CEUS contrib-

ute to the public’s surprise when moderate events are felt. Such

was the case when on 5 April 2024, at 10:23 a.m. local time, an

earthquake of Mw 4.8 strongly shook Tewksbury Township,

New Jersey. Like many moderate earthquakes in the CEUS, this

event was felt widely due to the relatively competent crust in

the region, compared to frequent fracturing and less competent

crust near plate boundaries (Atkinson and Wald, 2007). The

earthquake was felt by an estimated 42 million people from

Virginia to Maine and beyond (Fig. 2) and garnered the largest

number of felt reports for a single earthquake ever received by

the U.S. Geological Survey (USGS).

Social implications and impacts
The mainshock had 183,755 felt reports (Fig. 2; see Data and

Resources) with 10% of felt reports coming from New York

City, ∼65 km east of the epicenter, and Philadelphia, ∼90 km

to the south. The most felt reports came from within New

York City and its immediate surroundings, which accounts for

four of the eight highest reporting zip codes (n = 2546).

Respondents from these top four zip codes in New York reported

Modified Mercalli Intensities (MMIs) ranging from III to VI.

In addition, more than 2500 respondents filled out the long-

form felt report, which now includes demographic and earth-

quake early warning questions; the added questions are out-

lined in Goltz et al. (2024). Respondents may have filled in

these extra questions in response to two issues: (1) people

self-reporting regarding received alerts from New York and

New Jersey emergency management agencies not related to

earthquake early warning; or (2) people who self-reported

because they thought they should have received an alert but

did not. The second option could have occurred because of

confusion about where ShakeAlert, the earthquake early warn-

ing system for the West Coast of the United States, operates.

Currently, ShakeAlert is only publicly available in Washington,

Oregon, and California (McBride et al., 2022).

The earthquake was three days after a large, damaging

earthquake in Taiwan (Mw 7.4) and three days before a full

solar eclipse, giving rise to alternative explanations that these

events were connected (Miller, 2024). However, no other large

or damaging earthquakes occurred on the day of the eclipse.

Earthquake intensities and ground motions
Shaking intensities exceeded an average of V on the MMI

scale (moderate shaking—very light damage) within 10 km

of the earthquake. The reconnaissance team deployed by

the Geotechnical Extreme Events Reconnaissance (GEER)

Association and the National Institute of Standards and

Technology (NIST) documented the partial collapse of the stone

façade of Taylor’s Mill, a 264-year-old, pre-Revolutionary War

unreinforced masonry structure 4 km south of the earthquake

epicenter, east-northeast of the town of Lebanon, New Jersey

(Fig. 3). The team also obtained first-hand accounts and archived

media coverage of nonstructural damages such as objects falling

from shelves and cracks in drywall. Observed ground motions at

70 km (the closest seismic station) and greater distance were con-

sistent with the median Next Generation Attenuation ground-

motion model for the CEUS (NGA-East; Goulet et al., 2021),

which was used in the most recent update of the USGS

National Seismic Hazard Model (Petersen et al., 2024). The larg-

est measured peak ground acceleration was 20 cm=s2 at 110 km
epicentral distance, which is just over one standard deviation

above the NGA-East prediction.

Geologic background
Numerous faults were previously mapped in the region of the

Tewksbury earthquake, but none have been recognized as

Quaternary active (i.e., class C faults; Crone and Wheeler, 2000).

These faults follow the general trend of the Appalachian

Mountains, striking north to northeast (Fig. 1) and dipping

45° or more to the southeast (Herman et al., 1996). Many of

the faults were formed during the closing of the Iapetus Ocean

during Paleozoic mountain-building events (230–500 Ma) that

created the Appalachian Mountains. They were reactivated as

normal faults during Mesozoic rifting that formed the present-

day Atlantic Ocean (Herman, 1992). These faults create a boun-

dary between the New Jersey Highlands to the northwest, com-

posed of Mesoproterozoic to Ordovician igneous and
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Figure 1. Geologic map of the epicentral area simplified from Owens et al.
(1998) and Drake et al. (1996) draped over topography showing mapped
faults (black lines), initial aftershock locations from U.S. Geological Survey
(USGS) Comprehensive Earthquake Catalog (ComCat; U.S. Geological
Survey [USGS], 2017; downloaded 7 April 2024, at 13:59 UTC; purple
circles), and mainshock focal mechanism (see Data and Resources). The
location of seismic station BRNJ, which was not recording during the
mainshock, is shown by the red square. The New Jersey Highlands,

composed of Mesoproterozoic to Ordovician igneous and metamorphic
rocks, are shown to the northwest of the white line, and the Newark
basin, composed of Mesozoic sedimentary and volcanic rocks, lies to the
southeast. Background image is a shaded relief derived from the 10 m
National Elevation Dataset (see Data and Resources). Seismicity in inset
(gray dots and yellow stars) is from the USGS ComCat (USGS, 2017). The
blue rectangle in the inset map indicates the region depicted in the larger
figure.
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metamorphic rocks, and the Newark basin to the southeast, com-

posed of rift-related Mesozoic sedimentary and volcanic rocks.

The primary fault along this boundary is the northeast-striking

Ramapo fault of the Ramapo fault system (Ratcliffe, 1971), which

has raised concern, given that it traverses the New York metro-

politan area. The fault system is composed of long continuous

fault strands that have been reactivated with different kinematics

in different stress regimes throughout its geologic history

(Ratcliffe, 1971), although paleoseismic trenching of the fault

did not reveal definitive evidence of Quaternary fault movement

(Ratcliffe et al., 1990). The northeast-trending fault strands that

deform Mesoproterozoic, Paleozoic, and Mesozoic rocks typi-

cally have a brittle deformational fabric that consists of breccia,

gouge, alteration, and retrogression of mafic mineral phases, frac-

tures, or slickensides coated by chlorite or epidote, and close-

spaced fracture cleavage (Volkert, 2021). Most of the initially

determined earthquake locations (as of 7 April; U.S.

Figure 2. Distribution of “Did You Feel It?” responses in the northeastern
United States and Canada aggregated by zip code and city geolocation.
Intensity scale produced by the U.S. Geological Survey (see Data and
Resources).
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Geological Survey [USGS], 2017) do not lie along one of the

northeast-trending strands of the Ramapo fault system (Fig. 1;

Drake et al., 1996). This is also the case for the focal plane ori-

entations from the mainshock moment tensor solution for which

the first nodal plane strikes 11° north-northeast and dips 45°

southeast, and the second nodal plane strikes 117° east-southeast

and dips 75° southwest.

Data Acquisition and Preliminary Analysis
Acquisition of Interferometric Synthetic Aperture
Radar
After a large earthquake, usually greater than magnitude 5,

data acquisition is critical, both to guide emergency response

and to capture ephemeral information that may be erased by

human activity and natural events. A Synthetic Aperture Radar

image was acquired by the European Space Agency Sentinel-1

instrument ∼8.5 hr after origin time on 5 April. We generated

a coseismic interferogram (Fig. S1A, available in the supple-

mental material to this article) with a pre-event image acquired

on 24 March. No appreciable surface deformation is observed,

which is consistent with the estimates of hypocentral (derived

from travel times) and moment tensor (derived from wave-

form modeling) depths of about 5 km (Mellors et al., 2004;

Shea and Barnhart, 2022). No surface deformation was found

by the initial GEER–NIST reconnaissance team that scoured

the epicentral region on foot. The absence of detectable surface

deformation was confirmed with an independent interfero-

gram that spanned 29 March to 10 April 2024 (Fig. S1B).

Seismic deployments
Permanent seismic stations that belong to the Lamont–Doherty

Cooperative Seismic Network (LCSN) and the Pennsylvania

State Seismic Network were closest (70–80 km) to the sequence

and critical for monitoring the early aftershocks. LCSN stations

close to the epicentral area were not operating at the time of the

mainshock due to lack of funding support, but LD.BRNJ (Fig. 1),

LD.ODNJ, and LD.PANJ stations were repaired and brought

back online four days after the mainshock. In addition, multiple

groups visited the area to deploy broadband and short-period

seismometers to measure aftershocks. Lamont–Doherty Earth

Observatory was the first to reach the area on 5 April, when it

started deploying five short-period seismometers within 10 km

Figure 3. Photos of Taylor’s Mill taken before and after the 5 April 2024,
earthquake. (a) The photo was taken by the Geotechnical Extreme Events
Reconnaissance Association and the National Institute of Standards and
Technology (GEER–NIST) team. (b) The photo is obtained from the website
in Data and Resources (photo by Zeete—Own work, CC BY-SA 4.0).
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of the mainshock epicenter (Fig. 4). The first, RAMP1, had prob-

lems and is not shown. A sixth station, RAMP6, was installed on

30 April. The USGS began deploying on 9 April, followed by the

University of Texas at Austin (TexNet) and Rutgers and Yale

Universities. A total of 25 instruments were initially deployed

(Table S1), and an additional 75 SmartSolo 4 Hz nodal seismom-

eters were set out in three distinct subarrays within another two

weeks. Seismometers were placed away from busy roads and fast-

flowing streams on residential and business properties. The

USGS and TexNet instruments are telemetered to the

EarthScope Seismological Facility for the Advancement of

Geoscience (SAGE) Data Management Center (DMC) in real

time allowing for their use in locating aftershocks. As of 21

May 2024, 174 aftershocks with local magnitude (ML) greater

than 0.2 were reported by the USGS. The USGS aftershock fore-

cast parameters from 17 May imply that about 70ML or greater

aftershocks are expected from 17 May to 17 June. This forecast

indicates that there will be numerous local earthquakes with

which to analyze data from the temporary deployments.

Most stations of the rapid response deployment are sched-

uled to be in place for a period of several months; the

SmartSolo nodal deployment, in particular, is limited by the

∼1 month battery life of the nodes. However, six broadband

stations deployed by TexNet and five broadbands deployed

by Rutgers/Yale are scheduled to remain in the field for up

to 6 months total to record aftershocks, ambient noise, and tele-

seisms that will be useful for studies of crustal velocities and

structure. The five USGS and five temporary LCSN stations will

remain in the field for at least 5 months or longer to record use-

ful data. All data from the deployment are, or will be, publicly

available as soon as data are archived. Data can be obtained

via the EarthScope DMC using the following network codes:

Lamont–Doherty Cooperative Seismographic Network stations

(LD), USGS stations (GS), and TexNet and Rutgers/Yale broad-

band stations (4N). A network code for the Rutgers/Yale nodal

deployment will be assigned when the data are archived.

Earthquake relocations and causative faults
Before the temporary aftershock deployments, the smallest

magnitude aftershock in the area reported by the National

Earthquake Information Center (NEIC) based on the available

regional stations was about 1.3 (ML). The temporary stations

have reduced this to near 0, with horizontal location errors

now averaging about 1.7 km. Vertical errors are now on the

order of 3 km, but double-difference relocation (Waldhauser

and Ellsworth, 2000) can reduce location uncertainties by

a factor of 10 or more, especially with the use of many nearby

temporary seismometers. Figure 5 shows a preliminary

double-difference earthquake relocation analysis performed

on manual arrival-time picks of aftershocks in the USGS

Comprehensive Earthquake Catalog (ComCat; USGS, 2017)

up to 4 June 2024, using the 1D velocity model of Wu

et al. (2015). Refer to the supplemental tables for a list of

additional permanent seismic stations used in the relocation

analysis (Table S2), the original ComCat earthquake catalog

(Table S3), and the relocated catalog (Table S4). Many of

the relocated aftershocks lie along a northeast trend on a plane

that dips about 50° southeast, which is generally consistent

with the strike and dip of previously mapped bedrock faults

near the epicentral region. However, the locations and depths

of the aftershocks indicate that they may be on an unmapped

fault that lies between the Flemington, Tewksbury, or Tanner

Brook faults and may not reach the surface, based on prior

geologic mapping and down-dip fault projections of ∼45°
(Drake et al., 1996). Given that these faults are interpreted

to become gentler in dip and merge at depth, their exact sub-

surface geometries and relationships remain unknown (e.g.,

Drake et al., 1996), attributing the earthquake to a particular

fault based on the surface trace remains challenging. However,

the mainshock and aftershock locations so far indicate the

Ramapo fault was not active during this earthquake.

Notably, a preliminary analysis of 1 m light detection and

ranging (lidar)-derived bare earth digital elevation models

(USGS, 2022) neither revealed any definitive evidence of preex-

isting scarps or other active fault-related features near Rockaway

Creek in the epicentral region nor have fault scarps been recog-

nized in prior surficial mapping (Stanford, 2016). Lidar-derived

topography in the epicentral area shows several north-north-

east-trending scarps and topographic lineaments that cross

ridges and fluvial terraces composed of weathered gneiss and

gneiss-derived colluvium (Stanford, 2016), but these lineaments

cannot be traced for more than 1 km across the landscape.

Aftershock Forecasts
The USGS operational aftershock forecasts (Michael et al., 2019)

were activated for this sequence due to the large population within

the felt area, despite the mainshock magnitude being under the

usual threshold of M ≥ 5. ComCat was used to retrieve aftershock

data and store the forecasts, which are available via the mainshock

event page (see Data and Resources). The forecasts use a nonsta-

tionary Poisson rate of earthquakes with magnitude ≥M, λ�t,M�,
following a mainshock with magnitude Mm, given by
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λ�t,M� � 10a�b�Mm−M��t � c�−p,

in which t is the time after the mainshock; a gives the productivity

of the aftershock sequence; b is the slope of the Gutenberg–

Richter distribution; and c and p are the parameters of the

modified-Omori law (Reasenberg and Jones, 1989). The initial

Figure 4. Temporary seismometer deployments (diamonds): network
code LD (green) indicates Lamont–Doherty Cooperative Seismographic
Network; network code GS (yellow) indicates USGS; and network code
4N (magenta) indicates TexNet (blue) indicates Rutgers and Yale
Universities. The blue triangles in the inset map (extent marked by
orange box) are 75 nodal seismometers set out by Rutgers and Yale
Universities.

https://www.seismosoc.org/publications/the-seismic-record/ • DOI: 10.1785/0320240024 The Seismic Record 246

Downloaded from http://pubs.geoscienceworld.org/ssa/tsr/article-pdf/4/4/240/6971326/tsr-2024024.1.pdf
by guest
on 02 October 2024

https://www.seismosoc.org/publications/the-seismic-record/


Figure 5. Double-difference earthquake relocations (circles) for aftershocks
up to 4 June 2024, using differential travel times from the USGS ComCat
(USGS, 2017) picks and singular value decomposition (Waldhauser and
Ellsworth, 2000), and vertical profile along A–A′ from west-northwest to
east-southeast, perpendicular to the N11E focal plane of the mainshock’s

focal mechanism available in ComCat (refer to Fig. 1). Topographic profile
from 10 m National Elevation Dataset (see Data and Resources) and
approximate fault locations and dips from Drake et al. (1996). Surficial
fault dips projected to ∼500 m depth; faults may become gentler and
merge at depth.
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forecast, starting 42min after themainshock, used generic param-

eters for stable continental regions (Page et al., 2016). These

parameters are a = −2.85 ± 0.867 (1 standard deviation), b =

1, c = 0.018 days, and p = 0.73.

Four hours postmainshock, the automatic system began

updating the a parameter based on observed aftershocks

with M ≥ 3.5 and using the generic model as a Bayesian

prior. To use aftershocks with M ≥ 2, forecasting was switched

into a manual mode 8 hr postmainshock. The manual forecast

process allowed adaptation to operations at the NEIC, which

does not automatically and rapidly locate such small earth-

quakes, in this region. The aftershock parameters were esti-

mated using only time periods when all M ≥ 2 aftershocks

had been processed by the NEIC. The use of smaller after-

shocks improved the resolution of the aftershock parameters,

and the productivity increased to a = −2.11 ± 0.21.

Two days postmainshock, it became clear that the

sequence was decaying faster than implied by the generic

model p = 0.73, and a change was made to determine a

and p solely from the observed aftershocks. The initial

sequence-specific forecast used a = −2.5 ± 0.23 and

p = 1.05 ± 0.24. The data were insufficient to update the

c and b parameters. The parameters were stable with

declining uncertainties through the end of May when they

were a = −2.52 ± 0.12 and p = 1.05 ± 0.12. At 13 days

postmainshock, it was judged that the delay of up to 24 hr

for the NEIC’s daily analysis of small aftershocks had

become inconsequential for the forecast calculations, and

automatic forecasts were resumed. If the higher decay rate

is common for this region, a localized model would improve

forecasts in future, nearby sequences. However, the rare

occurrence of aftershock sequences in this region could make

that difficult.

Although the early forecasts overestimated the mean

activity, the observations were within the 95% confidence

bounds for all forecasts that finished within the first two

months. The lower bound of the forecasts for M ≥ 3, 4, 5,

6, and 7 for the day and week following the forecast start time

was 0. The only M ≥ 3 aftershock, so far, was an M 3.7 event

7.6 hr after the mainshock. That event was within the 95%

confidence bounds for all the M ≥ 3 one-day and one-week

forecasts issued before it occurred. The paucity of M ≥ 3

aftershocks and the presence of several M < 3 felt aftershocks

during this aftershock sequence indicates the possible utility

of issuing forecasts for smaller aftershocks in similar

sequences.

Expectations for the Future
The causative fault that ruptured in the Tewksbury earthquake

remains unknown. A large amount of seismic data is being

acquired that could be used to locate aftershocks and active

faults, constrain subsurface seismic velocity and basin structure,

and improve estimates of seismic hazard in the region. Although

the aftershock deployments are temporary, there is hope that

this earthquake and what is being learned will motivate the com-

munity to better characterize active faults in the CEUS (their

location and likely magnitude and return period), continue to

expand the prehistoric record of earthquakes in this region,

improve and maintain long-term seismic monitoring, and assess

the risk due to relatively rare events in particularly vulnerable

regions. This is especially true given the Tewksbury earthquake’s

proximity to the densely populated New York City metropolitan

region with the majority of its building stock and infrastructure

built before the first seismic code was applied in 1995 and for

which safety and functional recovery of services are of major

importance after any extreme event, including earthquakes.

Data and Resources
Felt reports and aftershock forecasts are available at the main-

shock event page, https://earthquake.usgs.gov/earthquakes/event-

page/us7000ma74/executive. Scripts used to obtain ComCat

events and pick and prepare the data for relocation are available

at https://gitlab.com/cyoon1/NewJersey2024. Information regard-

ing the Lamont–Doherty Cooperative Seismic Network (LD),

temporary deployments by TexNet, Rutgers, and Yale (4N),

Pennsylvania State Seismic Network (PE), and U.S. Geological

Survey (USGS) (GS) seismic networks can be obtained from

doi: 10.7914/SN/LD, doi: 10.7914/5ftj-a296, doi: 10.7914/SN/PE,

and doi: 10.7914/SN/GS, respectively. In Figure 1, initial after-

shock locations are obtained from the USGS Comprehensive

Earthquake Catalog (ComCat; U.S. Geological Survey [USGS],

2017; downloaded 7 April 2024, at 13:59 UTC; purple circles),

and mainshock focal mechanism (https://earthquake.usgs.gov/

earthquakes/eventpage/us7000ma74/moment-tensor). The back-

ground image is a shaded relief derived from the 10 m National

Elevation Dataset available at (https://apps.nationalmap.gov/

downloader/). In Figure 2, the intensity scale produced by the

USGS is obtained from https://usgs.github.io/shakemap/manual4

_0/ug_intensity.html. Figure 3b is obtained from https://

commons.wikimedia.org/w/index.php?curid=101194602. In

Figure 5, the topographic profile from the 10 m National

Elevation Dataset is available at https://apps.nationalmap.gov/

downloader/. All websites were last accessed in September
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2024. The supplemental material includes tables of the temporary

seismic stations (Table S1), permanent seismic stations that were

used to relocate the earthquakes (Table S2), and the original

(Table S3), and relocated earthquake catalogs (Table S4). Also

included is a figure showing Interferometric Synthetic Aperture

Radar (InSAR) interferograms for the source region (Fig. S1).
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