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A B S T R A C T

Despite the potential of sandstone-filled normal faults to significantly influence fluid transmissivity within re-
servoirs and the shallow crust, they have to date been largely overlooked. Fluidized sand, forcefully intruded
along normal fault zones, markedly enhances the transmissivity of faults and, in general, the connectivity be-
tween otherwise unconnected reservoirs. Here, we provide a detailed outcrop description and interpretation of
sandstone-filled normal faults from different stratigraphic units in central California. Such faults commonly show
limited fault throw, cm to dm wide apertures, poorly-developed fault zones and full or partial sand infill. Based
on these features and inferences regarding their origin, we propose a general classification that defines two main
types of sandstone-filled normal faults. Type 1 form as a consequence of the hydraulic failure of the host strata
above a poorly-consolidated sandstone following a significant, rapid increase of pore fluid over-pressure. Type 2
sandstone-filled normal faults form as a result of regional tectonic deformation. These structures may play a
significant role in the connectivity of siliciclastic reservoirs, and may therefore be crucial not just for in-
vestigation of basin evolution but also in hydrocarbon exploration.

1. Introduction

Understanding the architecture of fault zones has become increas-
ingly important as their characteristics have a significant influence on
the migration and entrapment of fluids in the subsurface. In particular,
the permeability of fault rocks plays a fundamental role in fluid trans-
missibility (e.g. Childs et al., 2007). Faults affecting shallow crustal
strata commonly display a wide range of fault zone architecture, which
varies from very thin gouge or cataclastic horizons, to well-developed
damage and core zones (Caine et al., 1996; Kim et al., 2004). In multi-
layered, poorly-consolidated, siliciclastic strata (mudstone-sandstone
intercalations), fault rocks are typically represented by cataclastic
mixtures of sandstone and mudstone smeared along the fault walls.
Fine-grained particulate flow, cataclastic material and highly smeared
clay content are all factors which hinder fluid flow migration and sig-
nificantly promote reservoir compartmentalization (Jones et al., 1998;
Bailey et al., 2002; Bense et al., 2003; Ainsworth, 2006; Childs et al.,
1997; 2007; Jolley et al., 2007; Fredman et al., 2007). Mineralization,
sourced from fluids percolating through a fault zone, is an additional
factor that precludes subsequent fluid migration through fault zones.
On the other hand, the occurrence of porous and permeable sandstone
within a fault zone may strongly enhance its fluid migration capacity.

Sand can be incorporated into fault zones due to a variety of reasons
listed below (Lewis et al., 2002): i) beds of sandstone are sheared and
form deformed ribbons parallel to a fault plane; ii) beds of sandstone
are dragged and rotated until they become parallel to the fault plane;
iii) fluidized sand is injected along the fault zone discontinuities. Here
we focus on the latter case. Two essential preconditions are required for
sand fluidization to occur along a fault plane: i) the velocity of flow
along the fault plane must be high enough for sand grains to be flui-
dized; ii) the parent sandstone from which fluidized sand is derived is
poorly-consolidated. The first condition is encountered when the ve-
locity of the fluid exceeds the minimum-fluidization velocity of sand
(Lowe, 1975). The second condition usually occurs in parts of sedi-
mentary basins that never experienced significant diagenetic mod-
ification, and is commonly confined to the first few hundreds of metres
of burial (Jonk et al., 2003; Vigorito and Hurst, 2010).

Although sandstone intrusions associated with normal faults are
occasionally interpreted using subsurface data (Dixon et al., 1995;
Shoulders et al., 2007; Koša, 2007; Bureau et al., 2013; Yang et al.,
2014), they are still poorly-documented at outcrop (Taylor, 1982;
Audemard and de Santis, 1991; Jolly and Lonergan, 2002; Lewis et al.,
2002; Ribeiro and Terrinha, 2007; Montenat and Barrier, 2007;
Siddoway and Gehrels, 2014; Ravier et al., 2015; Palladino et al., 2016;
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Siddoway et al., 2017). Our case study therefore focuses on well-de-
veloped sandstone-filled normal faults (SFNF) exposed in the Panoche/
Tumey hills and Santa Cruz areas in central California (Fig. 1), where
mainly deep-water clastic strata present ideal conditions for sand in-
trusion along faults. The aim of this paper is to document these ex-
ceptional field examples of SFNF, and to discuss their geometry, origin,
timing, and mechanism of emplacement. Their significance in terms of
basin evolution, and the potential role they play as either conduits or
barriers to fluid flow in hydrocarbon reservoirs is also discussed.

2. Geological setting

2.1. Panoche/Tumey hills area stratigraphy

The Panoche/Tumey hills area comprises a Late Cretaceous to Early
Cenozoic stratigraphic sequence deposited along the western margin of
the San Joaquin Valley (Moxon, 1988) (Fig. 1a). The San Joaquin
Valley infill consists of a thick accumulation of Jurassic to Quaternary
marine and non-marine clastic strata that unconformably overlie the
Franciscan Complex. Due to its position along an active basin margin,
the Panoche/Tumey hills area experienced numerous tectonic phases in
different geodynamic contexts. SFNF are found within the Moreno and

Fig. 1. Geological map of the study area in California (see inset map for general location): a) Geological map of the western margin of the San Joaquin Valley and associated stratigraphic
column (modified from Bartow, 1996). b) Geological map of the Santa Cruz coastal area and associated stratigraphic column (modified from Boehm and Moore, 2002). The stratigraphic
position of the giant sand injection complexes cropping out in the study areas is marked. Outcrop locations and places referred to in the text are also shown. SAFZ: San Andreas Fault Zone;
SGFZ: San Gregorio Fault Zone.
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