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1 | INTRODUCTION
When faulting occurs far from plate boundaries, its tectonic origin
can be uncertain. Timing of faulting can be the key to discriminate be-
tween tectonic processes and other processes like raft salt tectonics,
flexural response to sedimentary loading (e.g., Steinberg et al., 2014).
U-Pb dating of calcite using the in-situ Laser Ablation Inductively
Coupled Plasma-Mass Spectrometry (LA-ICP-MS) is being rapidly
adopted by many groups for dating cements, veins and faults (e.g.,
Beaudoin et al.,, 2018; Godeau et al., 2018; Mottram et al., 2020;
Parizot et al., 2020). Here, we apply U-Pb calcite geochronology to a
large fault system to understand the origin of intraplate deformation.
The Balcones Fault System (BFS) is a ~40km wide and ~600km

long, arcuate and extensional fault zone in central Texas to the north

Timing is a key data for understanding the origin of faulting. The Balcones fault sys-
tem (BFS) extends ~600km along the northern margin of the Gulf of Mexico oil basin
and controls springs that supply the major cities in Texas, but its origin is unclear.
We provide its first direct timing by applying U-Pb geochronology on seven calcite-
mineralized fault surfaces. We have found that this extensional fault system formed
during the Palaeocene-middle Eocene time (from 61.3 +2.7 to 45.4+ 2.1 Ma), which is
much earlier than previous estimates. We show that the formation of the BFS coin-
cides with the largest clastic influx in the northern Gulf of Mexico basin that resulted
from Laramide uplift and erosion. This timing and the location of the BFS along the
Quachita suture, support our interpretation of this fault system formed as the result

of lithospheric flexure related to Paleogene sedimentary loading.

Balcones, fault, Geochronology, Gulf of Mexico, Laramide Orogeny, lithospheric flexure, Texas

of the Gulf of Mexico (GOM) basin (e.g., Ferrill & Morris, 2008;
Figure 1). This normal fault system has uplifted by 350-500-m
Lower Cretaceous limestone of the Edwards Plateau to the north-
west relative to the Gulf Coastal Plain to the southeast (Ewing, 1991;
Rose, 2016; Figure 2). The uplifted carbonates are intensely studied
for their petroleum interest as part of the GOM series (e.g., Ewing &
Galloway, 2019). However, the age of the BFS remains unclear, which
impedes any credible tectonic interpretation. Extensional deforma-
tion appears unrelated to salt tectonics in the GOM because the nor-
mal faults lie northwest of the limit of the Louann salt layer (Figure 1).
In order to understand its geodynamic origin, we apply U-Pb calcite
geochronology on seven faults sampled from the BFS, and compare
the absolute timing of fault slip with the long-term evolution of the
northern GOM.
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2 | GEOLOGICAL SETTING

The tectonic evolution of the northern GOM includes: (1) the open-
ing of the GOM in the Late Triassic-Early Jurassic, (2) regional sub-
sidence with deposition of the Louann evaporites in the late Middle
Jurassic, (3) Jurassic sea-floor spreading, (4) carbonate shelf deposi-
tion on its passive margins during the Early and Middle Cretaceous
and (5) latest Cretaceous to Eocene uplift and erosion during the
Laramide orogeny (Ewing & Galloway, 2019; Filina et al., 2022;
Rose, 2016; Worrall & Snelson, 1989).

During Cenozoic times, the northwestern margin of GOM Basin
received a voluminous influx of siliciclastic sediments (Galloway &
Williams, 1991). The clastic progradation displaced the shoreline and
displaced the underlying salt (e.g., Diegel et al., 1995; Peel et al., 1995;
Worrall & Snelson, 1989). The basinward rafting of the post-salt sed-
imentary column above the mobile Louann salt layer produced an
updip breakaway zone or ‘Peripheral Graben System’ (Ewing, 2018;
Figure 1).

The BFS forms a distinctive tectonic element lying west of the pe-
ripheral graben system and the Louann salt layer (Figure 1). Seismic and
well data indicate that normal faults of the BFS penetrate Late Palaeozoic
strata of the Quachita fold belt (Ewing, 2005; Worrall & Snelson, 1989).
Worrall and Snelson (1989) proposed that the basement-penetrating
faults of the BFS formed as the result of extension related to the flexure
and crustal downwarping of the northern GOM.

The age of formation for the BFS has been inferred by previous
workers as starting ~23Ma ago based on an erosional event of the
Edwards Plateau inferred from the occurrence of Cretaceous lime-
stone fragments in a matrix of Oligocene and Miocene sediments
~120km southeast of the Balcones Fault Zone (Galloway, 2008;
Rose, 2016; Weeks, 1945). However, the terrigenous clastic rocks
of the Wilcox Group suggest that the Edwards carbonate platform
section was already elevated above sea-level during the upper

Palaeocene (Rose, 2016).

3 | METHODS

U-Pb dating of calcite can provide direct absolute dating of fault-
ing provided that calcite precipitation can be reliably linked to fault
slip (Roberts et al., 2020; Roberts & Holdsworth, 2022). To satisfy
this requirement we only sampled striated fault surfaces. To ensure
that the mineral growth being dated occurred during faulting, we
performed structural analyses of polished thin sections normal to
the fault plane and parallel to the striation. Cathodoluminescence
(CL) microscopy was used to identify the compositional zoning and
distinguish phases of calcite precipitation.

U-Pb analyses were carried out using an ESI 193 nm laser abla-
tion system coupled to an Element XR SF-ICP-MS following proce-
dures adapted from Godeau et al. (2018). Calcite microstructures

of potential different ages were analysed separately and directly

Significance Statement

We address the controls of intra-plate faulting that occurs
far from an active plate boundary. We use U-Pb calcite
geochronology to provide the first direct age dating of the
~600-km-long Balcones Fault System of Texas and we com-
pare this timing with the long-term evolution of the northern
Gulf of Mexico. We use five types of syn- and post- kinematic
calcite structures for the U-Pb in-situ dating of fault slips.
The Palaeocene-Eocene U-Pb age of the Balcones Fault
System is much older than the Miocene age that has been
assumed since the 1940s on the basis of stratigraphic data.
We find that the timing of faulting coincides with the largest
clastic influx in the northern Gulf of Mexico basin that was
produced by the Laramide Orogeny and erosion in the Rocky
Mountains. Intraplate faulting at Balcones records the onset
of flexural response to the Cenozoic sedimentary loading
along the northwestern margin of the Gulf of Mexico Basin. It

is a far field consequence of the Laramide uplift and erosion.

on the studied 150pm thick petrographic thin sections using
Laser ablation spot size of 150pm diameter. After data process-
ing, ages for each selected calcite microstructures were derived
from Tera-Wasserburg diagrams obtained using IsoplotR software
(Vermeesch, 2018; Figures 3, 4 and 5; Data S1). WC1 was used as
a primary standard to correct 2%8U-2%°Pb fractionation (Roberts
etal.,2017) and AUG-B6 as a secondary standard (Pagel et al., 2018)
to check for accuracy. Ages are quoted at 95% confidence interval
including the propagation of systematic uncertainty of the stan-
dards following Horstwood et al. (2016). When the time of calcite
precipitation was too long to give a single age, a Model Age method
was used to estimate local laser spot ages by anchoring the isochron
line to common lead value derived from concordant isochrons. The
U/Pb dataset and more details on the methods are provided in the
Data S1.

4 | RESULTS

We found unweathered calcite-filled fault surfaces at seven natu-
ral exposures along previously mapped strands of the BFS (Stoeser
et al., 2005; Figure 2; Table 1; Data S2). All sampled normal faults
strike northeast and exhibit dip-slip fault striations along fault planes
(Figures 2, 4 and 5). This simple extensional tectonic setting allowed
us to test the syn-kinematic reliability of various types of calcite
structures found along fault surfaces, which include: (1) slickenfibres
of stretching veins (Figures 3a and 4a) (e.g., Bons et al., 2012), (2)
filled extensional jogs (Figure 5a,b) and (3) open vugs (e.g., Roberts
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FIGURE 1 The Balcones Fault System,
at the edge of the Gulf of Mexico basin.
Bathymetry from the GEBCO Bathymetric
Compilation Group 2019 (2019). Limit of
Louann Salt deposits, lower Cretaceous
Shelf Edge and Palaeozoic Ouachita Thrust
front, from Ewing and Galloway (2019).
Laramide structural front from Ferrill

et al. (2019).
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FIGURE 2 Shaded relief (Ryan et al., 2009) and the geological map of the Balcones Fault System (Stoeser et al., 2005) with Wilcox Group
shown in red and Schmidt diagram and U-Pb ages of the sampled faults (Ma). The ages are quoted at the 95% confidence interval. The
uncertainties include the propagation of systematic uncertainties of the standards.
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& Holdsworth, 2022) (Figure 5c). Stretching veins, resulting from a
crack-seal process, are the most reliably identifiable as syn-kinematic
(Gaviglio, 1986; Roberts & Holdsworth, 2022).

Stretching veins with single-phase syn-kinematic calcite were found
at sites T6 and T3 (Figure 3). Optical microscopy images showed char-
acteristic features illustrated in Figures 3 and 4c. On Té thin section, six
areas of crack-seal sheared syn-kinematic calcite provided U-Pb inter-
cept dates ranging from 61.3+2.7 to 57.0 + 2.5 Ma (Figure 3). Given that
these dates of multiple crack-seal events cluster in a ca. 5Ma long period
during the Palaeocene, we propose a single period of normal faulting.
On the T3 thin section, four areas of sheared syn-kinematic calcite of the
crack-seal type provided dates ranging from 55.4 +2.4 to 45.4 + 2.1 Ma.
The age of the calcite youngs in the direction of shear and slickenfibres
have episodically grown during ~10Ma (Figure 3).

A stretching vein with two phases of syn-kinematic calcite was
found at site T12 (Figures 2 and 4). Even though there is a unique
trend of slickenfibres, CL microscopy revealed two different composi-
tion calcite infills (Figure 4c,d). Most of the vein is composed of dark
luminescent calcite which includes: (1) crack-seal vein sequences, (2)
calcite fibres and (3) blocky calcite. Younger light luminescent calcite
is observed in three main settings: (1) along the shear-parallel veins,

(2) in a pull-apart and healed microcracks connected to these shear

veins and (3) and in the former center of the vein composed of thin
calcite fibres coated by post-kinematic blocky calcite (Figure 4c, right
side of the section). U-Pb dating confirms this relative chronology of
calcite precipitation. Stage-1 calcite yielded a date of 61.1+3.1Ma.
Stage-2 luminescent fibrous calcite in the pull-apart yielded a date
of 29.8+3.2Ma (Figure 4d). Stage-2 luminescent blocky calcite
yielded similar ages at three places (30.1+1.4; 30.3+1.4; 30.5+1.5;
Figure 4c). This blocky calcite coats the luminescent microcracks of
stage-2 but precipitated shortly after fault slip (Figure 4c). Similar to
fault T6, the main displacement on fault T12 occurred over multiple
crack-seal events during the Palaeocene. The vein was overprinted
during the Oligocene by a smaller fault slip (Figure 4d).

A single-phase extensional jog filled by unstretched blocky
calcite was found along fault T1 (Figures 2 and 5a). Homogeneous
and low-luminescent calcite suggests a single phase of fluid flow
(Figure 5a). U-Pb measurements confirm a single age of calcite in-
fill at 58.4 +2.5Ma (Palaeocene). It is likely that calcite precipitation
occurred shortly after fault slip and therefore as a consequence of
the fault slip. For this reason, our calcite dates constrain the fault
activity (Roberts & Holdsworth, 2022).

A multi-phase and filled extensional jog was observed on fault T4

(Figure 2). Stepped calcite slickenfibres are composed of three layers

Slickenfibres of stretching veins ( )Transmitted light images
Syn-kinematic calcite T6a:57.0+2.5Ma
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FIGURE 3 Stretching veins along faults Té and T3. (a) Idealized stepped slickenfibres of stretching veins (overlapping stack of mineral
filled extensional jogs). (b) Calcite step hand sample of fault T3. (c, d) Optical light and CL microscopy of thin sections cut parallel to the
slickenlines. They show characteristic features formed by many incremental phases of crack-seal-slip mechanism (tiled sheets of sheared
calcite, alternating calcite veins and host rock lithons). U-Pb age data are shown on Tera-Wasserburg diagrams here and in Data S2 (error
ellipse =2s). IsolpotR Tera-Wasserburg diagrams of the LASER ablation spot analyses (Vermeesch, 2018), with the age + 1s |2s |2s corrected
for overdispersion, n=number of spot analyses, initial 2°’Pb/ 2°Pb and MSWD (mean squared weighted deviations). The uncertainties
provided include the propagation of systematic uncertainty of the standards. Calcite infill is syn-kinematic and the dated mineral growth

dates the fault slips. T3 calcite step has grown during ~10Ma.
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FIGURE 4 Stretching vein along fault T12 showing two phases of syn-kinematic calcite infill. (a) Idealized stepped slickenfibres. (b)
Sampled fault surface. (c) Optical microscopy images with characteristic crack-seal mineral fill features. Light colours on CL images show
a pull-apart and microcracks filled by a younger phase of syn-kinematic calcite precipitation (d). Black dots and circles show laser beam

ablation spots. U-Pb age data are shown on Tera-Wasserburg diagrams.

of alternatively low and high luminescent and elongated blocky calcite
(Figure 5b). The U-Pb age of each layer is younger toward the center of
the vein: 59.9+2.9; 57. 1+3.4 and 12.3+0.8Ma. In contrast with the
stretching veins, syntaxial growth of calcite occurred through three phases
opening along the vein center with each phase marked by distinctive fluid
precipitations. Two intervals of calcite precipitation following fault slip oc-
curred during the Palaeocene and one during the Middle Miocene.
Post-kinematic euhedral calcite crystals in open vugs were ob-
served on faults T11 and T13 (Figures 2 and 5c). CL microscopy re-
vealed colour zoning parallel to the crystal faces. U-Pb dating does
not provide a single age for this colour zonation. The initial 2°”Pb/?°°Pb
ratio derived from the Tera-Wasserburg isochron of sample T13 (i.e.,
207p},/206pp = 0.83) was used to anchor the model age for each indi-
vidual measurement spots for T11 and T13. Spot dates range from ca.
59 to 3Ma for T11 and from ca. 59 to 2 Ma for T13, with younger ages

in the outer crystal zones (Figure 5c). Calcite has not fully filled the
jog and cannot provide a unique date, but the oldest dates of calcite
precipitation constrain the age of fault slip and fractures opening. The
Palaeocene dates along faults T11 and T13 are consistent with the
Palaeocene age of BFS faulting at T1, T4, Té and T12 (Figure 6).

5 | DISCUSSION

Sixteen ages from the seven sites along the BFS cluster in the
Palaeocene-Eocene (ca. 61-45Ma). Although calcite ages may not
capture the complete history of fault displacement, this timing of BFS
faulting is clearly: (1) much younger than its Early Cretaceous carbon-
ate host rock (>100 Ma; Figure 6) and (2) much older than the previous
Oligocene-Miocene estimate (Weeks, 1945).
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This timing is coincident with the first major clastic influx in
the northern GOM recorded by the up to 3-km-thick Palaeocene-
Eocene Wilcox Group that marks a major shift from a carbonate
shelf-ramp system to a siliciclastic wedge (e.g., Mackey et al., 2012;
Sharman et al., 2017). Using thickness maps, Galloway et al. (2011)
calculated the rate of sediment supply in the northern GOM Basin
through time. After a ~3 Ma phase of sediment starvation (Midway
Formation), supply increased abruptly in the Late Palaeocene with
deposition of the Lower Wilcox prograding fluvial-deltaic sequence
that reached the highest grain volume rate, exceeding 150,000 km3/
Ma (Figure 6). This pulse of sediment delivery also coincided with
major progradation of the shoreline. Wilcox sediment was mainly
derived from Laramide uplifts of the southern Rocky Mountains,
northern Mexico and the Cordilleran magmatic arc and most authors
emphasize the importance of drainage systems reorganization and
Laramide orogeny for the Palaeocene increase and Eocene decrease
in sediment supply (Ewing & Galloway, 2019; Galloway et al., 2011,
Mackey et al., 2012; Sharman et al.,, 2017; Snedden et al., 2018;
Wahl et al., 2016).

The Laramide orogeny reached southern New Mexico in the Late
Campanian (75+1.1Ma) (Amato et al., 2017; Jones et al., 2011) and
western Texas at ~70Ma (Lehman, 1991). Deformation had ceased in

New Mexico prior to the final episode of Laramide magmatism start-
ing at ~46 Ma (Amato et al., 2017) and continued north of Texas until
40-35Ma (Bird, 1998) or 28 Ma (Beaudoin et al., 2018). Thereby, our
ages for the BFS show that the fault zone formed when the Laramide
Mountain building was active to the West (Figure 6). Note that the
Laramide contraction had not reached the BFS area and that a far
field effect of this contraction would not explain the Oligocene and
Miocene reactivations of the BFS (Figures 4, 5 and 6).

Previous authors suggested that the BFS formed during crustal
flexure related to sediment loading in the downdip area of the
GOM (Rose, 2016; Worrall & Snelson, 1989). The coincidence of
the three dated BFS periods of fault slip with the three main sed-
imentary pulses in the GOM (Palaeocene, Oligocene and Middle
Miocene) supports a flexure model with bending stresses activating
episodically the BFS (Figure 6). Structural maps and cross sections
show that the BFS overlies a zone of pre-existing weakness, the
Palaeozoic Ouachita suture separating thick Proterozoic crust and
the thinner GOM crust (Ewing, 2005; Ewing & Galloway, 2019;
Rose, 2016; Worrall & Snelson, 1989; Figures 1 and 6). This super-
position supports the idea that lithospheric flexure of the northern
GOM margin has locally reactivated the Ouachita zone of crustal

weakness.
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FIGURE 6 (a)Stratigraphic scale showing the host rocks, variations in the relative rate of clastic supply in the northern GOM basin, U-Pb
dates of fault slip and age range for the Laramide orogenic event. (b) Structural transect of the GOM margin with location of the BFS and the

Palaeogene Wilcox Group (location on Figure 1).

6 | CONCLUSIONS

This study demonstrates the syn-kinematic reliability of five types
of calcite structures for U-Pb in-situ dating when combined with
microstructural and CL analyses. It provides the first absolute timing
on the fault motions along the BFS.

The Palaeocene-middle Eocene timing of BFS faulting is coinci-
dent with the largest clastic influx on the GOM margin (Wilcox Group)
resulting from Laramide uplift and its related increase in size of fluvial
drainage basins.

We propose that BFS extensional faulting occurred as the result of
bending stresses and basement reactivation along the Ouachita suture
during Paleogene sedimentary loading and lithospheric flexure of the
northern GOM margin. This flexural model explains the location of the
BFS along the reactivated Ouachita suture at the transition between
thick and thin crust and outside the raft tectonics area.

Absolute timing places the BFS as a forerunner of the Gulf of
Mexico Neogene gravity driven tectonics. Its Oligocene and Miocene
local reactivations also support the conclusion that faults slips oc-
curred during clastic influxes.
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