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Exploration and production data show that many oil-bearing deep-water reservoirs were 
modified to some extent by sand remobilisation and injection. Sand injections, even when not 
volumetrically significant, have considerable impact on the vertical permeability and inter-
reservoir connectivity. Locally sand injections themselves represent large portions of 
reservoir volume (e.g. Alba, Balder, Grane, Gryphon and Harding fields, North Sea) or the 
entire reservoir (e.g. Hamsun Field, North Sea) with proven reserves of 100’s million barrels.  
The effects of sand fluidisation and remobilisation on depositional units, in terms of 
modification of the original geometries of the sand bodies and their poroperm properties, are 
still poorly understood, or least not widely disseminated in the public domain. This creates 
significant issues for reservoir modelling, reserve estimation, well planning and drilling 
strategy.  

We illustrate an outcrop analogue for oil-bearing deep-water reservoirs modified by 
fluidisation and injection which provides an indispensable catalogue of input parameters for 
reservoir modelling and well planning.  
The Panoche Giant Injection Complex (PGIC, Panoche-Tumey Hills, California, USA) is the 
largest injection complex yet documented from outcrop. This injection complex covers an 
outcrop area of 300-400 km² and records an upward remobilisation of a huge volume of sand 
(> 15 km³) through up to 1200 m of mud-dominated strata (Fig. 1). Exceptionally compared 
to many sand injectite complexes, the venting of the remobilised sand onto a palaeo sea-floor 
is preserved (Vigorito et al., 2008). PGIC injections are sourced from isolated channels, 
channel complexes and, sub-ordinately, depositional lobes that occur in the uppermost 400-
500 m of the Upper Cretaceous Panoche Fm and from isolated slope-channels in the Dosados 
Member which is located at the base of the mudstone-rich Upper Cretaceous-Lower 
Paleocene Moreno Fm (600-700m thick) where the injections are concentrated.  
The top Panoche Fm and Moreno Fm succession crosscut by the PGIC is characterized by a 
regressive-upward trend that records the shoaling of the Great Valley fore-arc basin during 
the Upper Cretaceous. Particularly in the lower portion of the PGIC the regressive trend is 
marked by a vertical evolution from proximal lobe-complexes to slope sequences that are 
characterised first by the presence of channel complexes and further upward in the 
stratigraphy by isolated slope-channels that are succeeded by mud-dominated slope deposits. 
The lobe complexes have thicknesses ranging from 50 m to 150 m. Their undeformed 
portions have primary sedimentary characters that are represented by a tabular bedding 
geometry and structureless or well-laminated fine to very-fine sandstone. The preserved 
channelized deposits are organized in: 1) channel complexes, 500-1000 m wide in cross 
section and 50-100 m thick; 2) single channels, 100-200 m wide in cross section and 10-20 m 
thick. In contrast to the lobes, the preserved portion of the channelized deposits have cross-
stratification related to compensation of bars, with internal facies characterized by medium 



 

and fine cross-laminated sandstone (megaripples), passing laterally and upward to very-fine 
sandstone and siltstone with small-scale climbing ripples. 
Sand fluidisation and remobilisation appears to have affected all the different types of 
architectural elements (lobe, channel complexes and isolated channels) though the degree of 
post-depositional modification varies greatly both laterally and vertically even within a single 
sand body.  
The stratigraphically lower, more laterally extensive lobe complexes are generally only 
slightly modified by sand remobilisation while the stratigraphically higher and more confined, 
single channels, are extensively deformed.  
Generally the lobes and the lower channel-complexes preserve their primary geometry, 
having only locally-developed internal homogenisation, which obliterates the original 
bedding. On the contrary the upper channel complexes, and even more so the isolated 
channels, are generally more intensely deformed and their internal architecture and external 
geometry can be modified to such extent that distinguishing them from injected units is 
problematic (Fig. 1). 
Modified channelized sand-bodies are characterized by:  
1) very sharp top surfaces with centimetric- to decimetric- (rarely metric) scale steps and 
mounded structures (scallops) - the latter are convex upward portions of the top surface that 
crosscut the upper mudstone thus documenting upward-erosion during sand remobilisation.  
2) asymmetric/irregular geometries related to the variation of the degree of fluidisation and 
remobilisation within the same body - injectites are located and concentrated in these areas of 
more intense deformation.  
3) wing-like structures located on the margins (Fig.1, Fig.2) - wings are low-angle dykes that 
depart from the modified depositional units and may develop on one or both of the margins of 
the sand bodies.  
4) lump-shaped geometry, both in 2D and 3D - this reflects a very high degree of deformation 
associated with loss and injection of significant volumes of sand - the lump-shaped sand 
bodies consist of a cluster of modified channels and extremely irregular sills and dykes (Fig. 
1). 
Internally the modified parent units have a range of sedimentological characters that can be 
grouped into 4 main facies. 
Facies pbA: Homogenized medium- to fine-grained sandstone with a very low degree of 
cementation (unstratified facies of Duranti and Hurst, 2004). These sandstones are generally 
structureless, or have high-angle banding which records the vertical upward-movement of 
water and sand (Fig. 3a,b). Where the cementation is higher it is possible to recognize pipes 
(up to a few metres long and 0.1-0.2 m in diameter), mega-pillar structures (up to 50 cm), and 
concretions (from centimetric to decimetric scale). 
Facies pbB: Well-cemented structureless sandstone beds arranged into a very complex strata 
framework characterised by high-angle to vertical surfaces and/or several metres-scale 
symmetric folds. The core of the folds locally exhibit vertical crenulation, which records the 
upward movement of fluids and sand (Fig. 3c).   
Facies pbC: Partially-deformed depositional beds in which it is possible to recognize primary 
depositional features. These beds are bounded by deformed basal and upper surfaces. 
Centimetre-scale steps are locally present at the top and primary stratification is locally 
crosscut by metre-scale pipes (Fig. 3d)  
Facies pbD: Injection breccias with mudstone clasts (up to a few centimetres wide) supported 
by a sandy matrix (Fig. 3e). The mud fragments are dominantly angular and often have a 
jigsaw pattern. 
The pbA, pbB and pbC facies are related to three different degrees of sand remobilisation. In 
particular the first two facies record intense fluidisation, which led to deformation of the more 
competent beds (pbB) and to the total obliteration of primary sedimentary structures thus 
causing significant modification of primary granular texture and poroperm characteristics. 
This is confirmed by petrographic analyses, which show that the homogenised sandstone of 
the pbA are less tightly packed and more depleted in very-fine sand and silty grains than the 
cemented beds of the pbB and pbC facies. These petrographic observations correlate well with 



 

petrophysical data collected from the same facies. In fact the homogenised sandstones (pbA) 
have permeability values ranging from 1000 to 4000 mD whereas the deformed cemented 
beds (pbB) have permeability from 1-100 mD and preserved depositional beds (pbC) from 1-
10 mD.  
The facies pbA, pbB and pbC are randomly associated with each other hence producing a 
chaotic internal pattern of deformation within a single modified parent unit. This implies that 
the fluidisation processes did not have a uniform affect throughout the sand bodies and 
probably propagated from a series of focus points rather than following a regular front. 
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Fig. 1: Photosatellite interpretation which show the PGIC in the Moreno Gulch sector (North 
Panoche Hills). 1) modified single channels and channels complexes with preserved primary 
geometry; 2) modified single channels and channels complexes with deformed geometry; 3) 
injections (dykes and sills); 4) extrudites 
 



 

 
 
Fig. 2: Panoramic view showing two modified channel complexes (Moreno Gulch sector, 
North Panoche Hills). The lower one (in yellow) preserves its primary geometry while the 
upper one (in blue) is characterized by a wing-like injection structures on its left-lateral 
margin (green).  



 

 
 
Fig. 3: Internal structures: (a) panoramic view of a modified channel characterized by a 
diffuse sand homogenisation (facies pbA) and concretions that contain primary stratification 
(facies pbC); (b) detail of vertical banding typical of fluidised sand (facies pbA); (c) 
antiformal structure (primary folded bedding?) related to deformation during the 
remobilisation of sand (facies pbB); 1 m long shovel for scale; (d) pipes crosscutting primary 
cross-laminated sandstone (facies pbC); (e) mud-breccias with centimetric-decimetric angular 
shale fragments (facies pbD). 
 


