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Abstract

Outcrop studies are often used as analogues to subsurface sedimentary reservoirs, with photogrammetry representing a useful technique to obtain quantitative geometrical data of sedimentary architectures. Digital photogrammetry techniques were used to study fluvial sediments of the Lower Jurassic Kayenta Formation of the western USA, and model-extracted statistics for channel and sheetflood elements, relevant to reservoir modelling, were compared to 1D and 2D datasets from the same outcrops. Results suggest that the 1D/2D data significantly underestimated element dimensions and ranges in ephemeral-fluvial systems. Consequently, this study demonstrates the value of photogrammetric techniques for obtaining statistically relevant and more accurate reservoir modelling input data from outcrop.
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Introduction
Outcrop analogue studies have long been recognised as a valued guide for the prediction of subsurface sedimentary architectural elements, as they provide geological input with which to condition static models (Pringle et al., 2006; Howell et al., 2014). With recent advancements in technology, digital outcrop models (DOMs) are now relatively simple to generate, and can be used to derive spatial and geometric data for use in reservoir characterisation and modelling (Enge et al., 2007; Hodgetts, 2013; Schmitz et al., 2014). The data may include the physical dimensions of sedimentary architectural elements, the element relationships, their distributions and their relative proportions within the depositional system. In this work, terrestrial and UAV-based photogrammetry is used to study the geometry and geometrical relationships of preserved architectural elements within the mixed ephemeral-fluvial and aeolian deposits of the Lower Jurassic Kayenta Formation across the expanse of the Colorado Plateau, south-western USA. Statistical data of relevance to reservoir modelling are derived from the photogrammetric models and compared to the same data derived from more traditional methods of field data collection which is primarily sedimentary logging.
Within the geosciences, photogrammetry has been used throughout most of the 20th Century, primarily for plan-view landform studies such as topographical and digital elevation models (Chandler, 1999; Fonstad et al., 2013). Early approaches used stereoscopic instruments to produce 3D images (Birdseye, 1940), but later methods employed computer technology to generate virtual 3D surfaces. More recent advancements have focussed on structure-from-motion (SfM) modelling of dynamic processes, such as rockfalls (Sturzenegger & Stead, 2012), landslides (Niethammer et al., 2012) and volcanic eruptions (Baldi et al., 2005). SfM detects features within the outcrop from multiple photographs, to reconstruct the 3D virtual outcrop, for more details of SfM refer to Westoby et al. (2012), Bemis et al. (2014) and Carrivick (2016). Further improvements in data acquisition and processing have enhanced 3D triangulated point clouds, orthomosaics and textured models (Pringle et al. 2006; Pringle et al. 2010; Schmitz et al. 2014). With increased spatial accuracy of triangulated 3D point clouds, structural and geological features can now be mapped in 3D models (Carrivick et al., 2016). With the addition of sedimentological measurements, such as palaeocurrent flow directions, measured widths and thicknesses for architectural elements can be corrected for the attitude of the outcrop to give flow-perpendicular measurements (Hodgetts, 2013). There are a wealth of studies documenting workflows for DOM construction for use in geological modelling from both LiDAR and photogrammetry datasets (Pringle et al., 2006; Fabuel-Perez et al., 2010; Schmitz et al., 2014; Kehl et al., 2017). This work expands upon these previously published workflows and introduces a new technique of deriving statistically relevant fluvial architectural element measurements using Virtual Reality Geological Studio (VRGS) to aid reservoir modelling.
Large-scale architectures of ephemeral fluvial systems typically comprise unconfined sheetfloods and low-sinuosity channels (Williams, 1971; Sneh, 1981; Tunbridge, 1984; Al-Masrahy & Mountney, 2015) which decrease in size and discharge downstream (Schumm, 1981; Tunbridge, 1984; Sutfin et al., 2014). Deposition in ephemeral systems is dominated by large, single, flood-driven ‘scour and fill’ events, as large volumes of sediment are deposited in short periods of time (Leopold et al., 1966; Jaeger et al., 2017). Consequently, ephemeral fluvial systems produce highly heterogeneous deposits in which the geometries, distributions and relationships of elements are difficult to predict, yet these quantities are vital in reservoir characterisation and fluid migration modelling (Pringle et al., 2006; Howell et al., 2014). Subsurface sedimentological data are limited typically to one-dimensional core, from which the geometry and lateral extents of the architectural elements are difficult to determine. 
The exceptional exposure of 3D outcrops from the mixed ephemeral-fluvial and aeolian Lower Jurassic Kayenta Formation provide many opportunities for photogrammetric studies throughout the system’s course, with key localities highlighted in figure 1. This study will: 1) document the photogrammetric workflow from data acquisition through to architectural element mapping; 2) describe the geometry and architecture of the fluvial element statistically, including spatial dimensions and relative proportions from digital outcrop models; 3) compare these to the same derived from 1D and 2D data from sedimentary logs and photo panels, and 4) discuss, in the light of these results, the use of data derived from 3D outcrop analogues in reservoir modelling.
Geological Setting and Study Area
The Lower Jurassic Kayenta Formation is preserved across much of the Colorado Plateau: a large elevated block, approximately 2000 m above sea level, that covers approximately 337,000 km2 across SE Utah, NE Arizona and western Colorado and New Mexico (Fig.1) (Gilfillan et al., 2008).
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The formation comprises a continental redbed assemblage of fine- to coarse-grained sandstone, siltstone and sporadic intraformational conglomerates (Harshbarger et al., 1957; Peterson & Pipiringos, 1979; Luttrell, 1993), deposited in a dominantly ephemeral fluvial system, with minor perennial influxes and aeolian interactions. Deposition occurred on a broad alluvial plain, from southwestward to westward flowing rivers sourced from the Uncompahgre Uplift of the Ancestral Rocky Mountains (North & Taylor, 1996), and northwestward flowing rivers sourced from the Mogollon Highlands of the Cordilleran Magmatic Arc (Fig. 1) (Luttrell, 1993). 
Sedimentology of the Kayenta Formation
The fluvial architecture of the Kayenta Formation is dominated by poorly channelised sheetfloods and single to multi-storey channels (North & Taylor, 1996; Hassan et al., 2018). The fluvial channels have an erosive base with a poorly sorted, medium-grained to pebble-grade, polymictic, crudely cross-bedding conglomerate basal unit, which grades upwards into medium- to coarse-grained, cross-bedded and structureless sandstones. Fine- to medium grained parallel laminated sandstone and very-fine to fine-grained rippled sandstones then dominate for the upper units of the succession (Fig. 2A). Sheetfloods have a conglomeritic erosive base and dominated by medium-grained sandstones with flat bed and antidune structures present (Fig. 2B).
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Fig. 2. (A) Idealised sedimentary log of the channel architectural elements, with annotated photograph detailing the typical sedimentology. (B) Idealised sedimentary log of the sheetflood architectural elements, with annotated photograph detailing the typical sedimentology.

Methods
Three photogrammetric models, totalling a combined outcrop length of 5 km were generated. Model 1, from the proximal sediments of the Kayenta, was collected from beside the Colorado River in Moab, Utah. Model 2, from the medial sediments of the Kayenta, was collected from along the Comb Ridge monocline near Bluff, Utah, and model 3, from the distal sediments of the Kayenta, was collected from along Squaw Trail, Kanab, Utah (Fig. 1). Table 1 summarises key parameters of the three outcrops and pertinent statistical details. Sedimentary logging was conducted at each location where the digital outcrop models were acquired and have been used to constrain the sedimentary architecture, geometry and width:depth ratios.
Data Acquisition

For data acquisition, lightweight equipment was vital as many of the remote outcrops can be accessed only on foot. For this reason, ground-based and UAV-based photogrammetric techniques were selected for data acquisition over terrestrial LiDAR.  For model 1, ground-based photogrammetry was chosen due to the outcrop being exposed in the canyon of a modern-day river and had a pathway running parallel to the outcrop face. UAV-based photogrammetry could not be used due to restrictions within the location. For model 2 (Comb Ridge), UAV-based photogrammetry was chosen due to poor outcrop accessibility. For the model 3 (Squaw Trail), the outcrop was easily accessible but to capture the full irregular nature of the outcrop face, the UAV-based photogrammetry was chosen as the most suitable method.
Data acquisition for both the ground-based and UAV-based photogrammetry captured high-resolution photographs of the respective outcrops, with each outcrop feature captured in at least three images. The greater the overlap between adjacent photographs, the greater the precision and spatial accuracy of the resulting digital model (Bemis et al., 2014; Chesley et al., 2017). 
In ground-based studies (model 1), a Nikon D800E hybrid digital single-lens reflex (HDSLR) camera with a 36.3-megapixel 8.6 cm2 sensor and a 60 mm (fixed focal length) lens (Nikon AF-S Micro Nikkor 60 mm, F.2.8G ED) was used. This lens was used to capture the whole outcrop face quickly to reduce any issues of reflection intensity variations due to changing light conditions, which has the potential to cause problems during the subsequent digital image-matching process (Kehl et al., 2017; Klawitter et al., 2017). To capture as much of the outcrop as possible using ground-based terrestrial photogrammetry, photographs were taken parallel to the outcrop face with 1 m spacing. The distance between the camera locations and the outcrop face ranged between 30 m and 50 m for model 1. Every tenth photograph was georeferenced using a 12-channel Garmin GPSmap64 operating in full Wide Area Augmentation Mode. Several photographs were taken using a ‘fan’ mode to cover as much of the rugged outcrop as possible and ensure sufficient overlap to capture the 3D nature of the outcrop face. This process was repeated across the entire length of each outcrop. 
In UAV studies, a DJI Phantom 4 Pro drone with a 20-megapixel complementary metal oxide semiconductor (CMOS) sensor was used, controlled by the DJI GO 4 app on an iPhone 7 Plus smartphone. The Phantom 4 Pro drone was chosen for data acquisition due to the mechanical camera shutter, its relatively long flying time (30 minutes) between battery changes, its multiple direction obstacle sensing, and its light weight. The UAV-based photographs were taken under manual control, with the drone flying parallel to the outcrop face, a photograph taken every three seconds at a flying speed of approximately 0.3 m/s. For model 2 (Comb Ridge) the drone was flown from the top of the outcrop at a distance of 20 m to 75 m from the outcrop. The distance between the drone and the outcrop faces for model 3 (Squaw Trail) ranged between 20 m to 50 m. 

Several flight paths were used on each outcrop to ensure the 3D nature of the outcrop was captured; one flight path with the camera horizontal, a second flight path with the camera tilted approximately 30° below the horizontal, and a third with the camera tilted approximately 30° above the horizontal. This process was repeated several times due to the size of the outcrop and irregular outcrop face. 
Data processing

Agisoft PhotoScan™ (Version 1.4.3, July 2018) commercial software was used to build 3D digital models of the outcrops for both the ground-based and UAV-based photogrammetry. PhotoScan™ uses the structure-from-motion multi-view stereo (SfM-MVS) method for reconstruction of an outcrop from multiple overlapping photographs without the need for manual input of orientation or camera locations (Eltner et al., 2016). Before constructing the models, the photographs taken for each model were filtered to remove any blurred/unwanted images and processed to remove unnecessary sky or vegetation in the aim of reducing the processing time of each model. A sparse 3D point cloud is created using SfM to reconstruct the 3D virtual outcrop and a dense 3D point cloud is then generated using MVS which uses pixel grid-based matching (Fig. 3). The resulting 3D point clouds are generated in a relative (local) coordinate system with estimated camera location positions. GPS positional readings of the camera locations, recorded in the field, are imported into the PhotoScan™ to constrain the outcrop models into georeferenced real-world coordinates.
The final steps for completion of the 3D outcrop models, once the georeferenced dense 3D point clouds were created for each outcrop, included building a triangulated digital surface mesh and overlaying the combined outcrop photomosaic as a surface texture. This was important to do as it aided in the identification of geological features in the model, such as bedding planes, structural joints, small-scale (e.g. cross-bedding) and large-scale sedimentary architectures (e.g. channels, sheetfloods and erosive surfaces).
Post-processing

The 3D digital point cloud is then imported into Virtual Reality Geological Studio (VRGS, version 2.34) – a three-dimensional visualisation and interpretation software tool. By incorporating palaeocurrent measurements taken from cross-bedding in individual architectural elements at multiple locations across the outcrop, width and heights of geobodies can be corrected for the attitude of the virtual model automatically within the software.  These geobodies were subsequently digitalised and extruded using palaeocurrent measurements to correct for their true facing orientation perpendicular to flow (see workflow in Pringle et al. 2010). Architectural element widths, and minimum, maximum and average thicknesses, as well as measures of one standard deviation for each type of element, were then extracted for further analysis. 20 width and thickness readings were measured for each architectural element in all three generated models, derived from the triangulated mesh of the point clouds.
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Table 1. Summary of number of photographs and methods used for each outcrop, including the width and height, the number of points within the dense point cloud and the total distortion error of each model.
	Outcrop
	Method
	No. Photos
	Outcrop Width (m)
	Outcrop Height (m)
	No. Data Cloud Points
	Reconstruct-ion Error (%)

	Model 1: Moab
	Ground
	411
	1,261
	304
	534,958
	0.13

	Model 2: Comb Ridge
	UAV
	564
	516
	136
	165,249
	0.50

	Model 3: Squaw Trail
	UAV
	443
	323
	355
	269,926
	0.66


Results and Discussion
The 3D digital outcrop models generated in PhotoScan™ were then analysed and sub-divided into the channel and sheetflood architectural elements using VRGS™ (Fig. 4), with their relative proportions, average thicknesses and width:depth ratios extracted, (Table 2 and Fig. 6). For comparison, 2D photo-orthomosaics (Fig. 5) and 1D sedimentary logs were also analysed of the three chosen outcrops, with the same elements, relative proportions, width:depth ratios and average thicknesses extracted. Table 2 also details averages of these for comparison purposes (Table 2).

The photogrammetric models demonstrate highly varied sedimentology within the ephemeral fluvial system and a general reduction in element size with distance from source (Table 2). The ephemeral nature of the system is further supported by the high width to depth ratios of the channels and sheetfloods (North & Taylor, 1996; Gibling, 2006). In Model 1 (proximal), an average fluvial channel width to depth ratio of 50:1 and an average sheetflood width to depth ratio of 100:1 was observed. In Model 2 (medial) an average channel width to depth ratio of 45:1 and an average sheetflood width to depth ratio of 85:1 was observed, and in Model 3 (distal) an average channel width to depth ratio of 40:1 and an sheetflood width to depth ratio of 70:1 was observed (Table 2). 

‘Typical’ traditional 2D sedimentary analysis of outcrops use photography, produced as an orthomosaic, by flattening the 3D photogrammetric model onto a vertical plane, was undertaken in order to provide a direct comparison between methods. The photopanel was interpreted for architectural elements to provide a schematic panel.  The analysis provides a representative interpretation of the outcrop as a whole, rather than a 1D sedimentological log through the outcrop, which can often result in unrepresentative fluvial architectural element geometries, relative proportions and distributions of the elements (Table 2). The 2D photopanels depict architectural element geometries and relative spatial distributions of sedimentary architectural elements. It can be used to interpret hierarchical bounding surfaces and kilometre-scale spatial correlations. However, 2D schematics such as these are highly interpretative, time-consuming to produce and provide no real quantifiable 3D measurements. The 3D geometries of the outcrop are flattened to a two-dimensional plane and spatial distances are distorted. Consequently, measurements of element thicknesses or widths from these images are typically biased (Table 2). Width to depth ratios of fluvial channel and sheetflood elements are often overestimated because the orientation of the outcrop face, with respect to palaeocurrent direction (see Pringle et al. 2010). Fluvial geobodies can also be measured in the field along the outcrop face, however, this is subject to accessibility and limits the number of measurements that can be collected.

These limitations can be overcome using photogrammetric techniques and 3D geological visualisation/interpretation software.  Many geological features, including geobodies representing architectural elements, can be mapped using 3D polylines extruded through the DOMs or point clouds as surfaces. Orientation data (dip/azimuth) can be derived from these, and with the integration of palaeocurrent measurements, architectural element dimensions can be corrected for respective outcrop orientations. Models also allow for the interpretation of much larger datasets, thus making results statistically significant (Hodgetts, 2013).
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FIG. 5. 2D photopanel interpretive schematics of (A) Model 1 proximal (Moab), (B) Model 2 medial (Comb Ridge) and (C) Model 3 distal (Squaw trail) outcrops of the Kayenta Formation, (D) Location map. Sedimentary formation boundaries are highlighted in red. The 2D interpretation is coloured by architectural elements, yellows represent deposits from aeolian environments and orange/brown from fluvial environments.
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	Table 2
. Summary of average channel and sheetflood fluvial architectural element data including: 1D sedimentary log relative proportion and thickness data, 2D schematic panel thickness and width:depth data and 3D photogrammetric model relative proportion, width:depth rations and thickness data. All based on 20 measurements each.



	Sheetflood
	Channel
	Sheetflood
	Channel
	Sheetflood
	Channel
	Architectural Element
	

	23.3
	19.4
	34.6
	24.5
	33.2
	25.3
	Relative Proportion (%)
	Sedimentary Log 1D data
	

	0.9
	1.0
	1.4
	1.2
	1.3
	1.1
	Average Thickness (m)
	
	

	0.32
	0.74
	0.89
	0.69
	0.34
	0.25
	1 SD
	
	

	39.6
	20.3
	45.7
	25.1
	56.4
	39.2
	Relative Proportion (%)
	Schematic 2D panels
	

	3.4
	3.2
	3.8
	3.4
	3.9
	3.9
	Average Thickness (m)
	
	

	42:1
	16:1
	55:1
	19:1
	60:1
	20:1
	Width:

Depth
	
	

	0.89
	1.14
	0.92
	0.95
	1.47
	1.36
	1 SD
	
	

	32.1
	15.7
	38.5
	21.3
	44.7
	37.6
	Relative Proportion (%)
	Photogrammetry 3D model
	

	2.8
	1.9
	3.5
	2.4
	3.6
	2.6
	Average Thickness (m)
	
	

	70:1
	40:1
	85:1
	45:1
	100:1
	50:1
	Width:Depth
	
	

	0.98
	1.32
	1.04
	1.09
	1.63
	1.51
	1 SD
	
	


Application to fluvial reservoir characterisation
Once polylines and corrected geobodies have been mapped and interpreted, this data, along with 1D sedimentary log data, can then be imported into reservoir modelling software using the methods outlined in Enge et al. (2007); Pringle et al. (2010).

Width to thickness ratios of fluvial architectural elements can provide valuable information about the type of fluvial palaeoenvironment (Gibling, 2006). The high width to depth ratios of channels within the models suggest deposition typically within dryland regions as poorly channelised sheets, where the fluvial systems are often ephemeral (North & Taylor, 1996; Gibling, 2006) – see Table 2. 

Statistically relevant architectural elements are vital in subsurface reservoir characterisation, especially for the prediction of subsurface sedimentary geometries and stacking patterns of architectural elements within fluvial reservoirs.  Some statistics, such as the thicknesses and relative proportions of elements can be derived from 1D log data or core, and traditional methods of providing pertinent reservoir modelling constraint have typically used this approach.

Table 2 includes thickness statistics and relative proportions for channel and sheetfloods derived from 20 sedimentary logs of the Kayenta Formation in its respective proximal, medial and distal areas. They represent a summary of the average thickness and their standard deviation for comparison to the same statistics derived from both 2D photopanels and the 3D photogrammetric models respectively. The data demonstrate that thickness data derived from 1D logs alone underestimate the average thickness of both sheetflood and channel elements in the Kayenta formation by more than half. The standard deviations indicate the variability of architectural element thicknesses for both these elements is also seriously underestimated by a 1D log-based analysis. Typically, outcrop-scale subsurface reservoir models are constructed from 1D borehole data, whilst confidence in the interpreted 3D shape of elements may be reliable, the accuracy of the 3D predictions decrease away from the well bore (Bridge & Tye, 2000; Miall, 2006), and the variability in element size may be grossly under estimated. Photogrammetric models of 3D spatially extensive outcrop provide a means of obtaining reliable statistical data on element dimensions, geometries, interactions and distributions for incorporation into reservoir modelling workflows. 

This work demonstrates that in ephemeral fluvial sediments, 3D photogrammetric techniques provide a reliable method of capturing field data that can be subsequently analysed to produce statistically relevant data on architectural element dimensions, geometries and proportions with which to characterise reservoir models. Basic 1D log and 2D photopanels provide statistics that are not representative and, in many instances, serve to underestimate dimensions or proportions. This mismatch between derived datasets may be, in part, a direct consequence of the highly heterogeneous nature of ephemeral fluvial sediments, but this serves only to highlight the need for good quality, spatially referenced 3D data that photogrammetric techniques provide. 

Several workflows outlining the processes of inputting sedimentological data from outcrop models into reservoir modelling software have been published (e.g. Enge et al., 2007; Schmitz et al., 2014). This work provides a detailed workflow for collecting data for direct input into reservoir models, once the models have been generated, using the output options from VRGS software (Manchester University), which greatly simplifies the required data corrections as discussed. 
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CONCLUSIONS

This study has demonstrated the use of ground- and UAV-based photogrammetry in capturing large-scale, occasionally inaccessible fluvial sedimentary outcrops, using the Kayenta Formation of the western USA as a case study. This work has documented the workflow for acquisition and interpretation of fluvial geobodies in 3D photogrammetric models. The acquired datasets were sufficient to create four accurate and georeferenced 3D models within Agisoft™ PhotoScan software. These models were then analysed for key geological features in bespoke 3D interpretation (VRGS™) software. Width to thickness ratios corrected for the attitude of the outcrop compared to palaeoflow, were extracted for three models from proximal, medial and distal regions of the formation extent. The width to thickness ratios determined from photogrammetric data suggest deposition within an arid environment as poorly channelised sheets of an ephemeral fluvial system. The quantitative dataset derived from the outcrop models are vital in understanding the subsurface, especially in reservoir characterisation, where the data can be used to directly condition reservoir modelling inputs.

Photogrammetry is demonstrated to be a useful technique in interpreting fluvial architectural element geometries, relative proportions and distributions of elements, especially within a highly heterogeneous ephemeral system. 1D sedimentary logs typically provide statistical data that underrepresent the system because of their limited sampling strategy, and 2D photopanel interpretations often underrepresent geometrical dimensions because of the orientation of the outcrop face compared to the palaeocurrent direction. In highly heterogeneous sediments such as those of ephemeral fluvial systems, it is only through the interpretation of photogrammetric models in 3D visualisation and analysis software that representative statistical data of element proportions, sedimentary architectures (thicknesses, width:depths) for reservoir modelling can be generated. 

However, thorough data acquisition is needed to reduce distortion and measurement errors within the 3D models. Photographs must be taken with a high degree of overlap and the model must be well constrained with ground control points. Detailed sedimentological analysis is also required for accurate architectural element measurements, including sufficient palaeocurrent measurements to reconstruct the widths and thicknesses of the ancient fluvial architectural elements.
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Résumé

Les études d'affleurement sont généralement utilisées comme analogues des réservoirs sédimentaires souterrains, la photogrammétrie représentant une technique utile pour obtenir des données quantitatives sur la géométrie des sédiments. Des techniques de photogrammétrie numérique ont été utilisées pour étudier les sédiments fluviaux de la formation de Kayenta, dans l’ouest des États-Unis. Les statistiques relatives aux éléments de chenaux et de nappes intéressant la modélisation des réservoirs ont été extraites à titre d’exemple d’un modèle d’affleurement. Les résultats supportent une interprétation éphémère-fluviale pour le Kayenta. Cependant, une comparaison de ces statistiques 3D avec les mêmes dérivées de photographies 1D de noyau et en 2D montre que les techniques traditionnelles de collecte de données sous-estiment jusqu'à 100% les dimensions et la plage des éléments dans les systèmes éphémères-fluviaux. Une représentation précise de ces paramètres est essentielle à la modélisation du réservoir. Par conséquent, l’étude démontre l’intérêt des techniques photogrammétriques pour obtenir des données de modélisation de réservoir statistiquement pertinentes à partir d’affleurements pouvant être appliquées à des cas souterrain où les données sont limitées à un noyau unidimensionnel.

Zusammenfassung

Aufschlussstudien werden typischerweise als Analog für Sedimentreservoirs im Untergrund verwendet. Die Photogrammetrie ist dabei eine nützliche Methode, um quantitative Daten zur Geometrie von Sedimentkörpern zu erhalten. Mittels digitaler Photogrammetrie wurden fluviale Sedimente der Kayenta-Formation der westlichen USA untersucht. Flussrinnen- und Schichtfluten-Elemente wurden aus einem Aufschlussmodell als Beispiel entnommen und statistisch ausgewertet, da diese für die Reservoir-Modellierung von Relevanz sind. Die Ergebnisse unterstützen ein ephemeres-fluviales Ablagerungsmodell für die Kayenta-Formation. Ein Vergleich der durch Photogrammetrie 3D erhaltenen Daten mit denen von Bohrkernen 1D und Geländephotos 2D zeigt, dass traditionelle Datenerfassungsmethoden die Größe und den Umfang von ephemeren Flusssystemen um bis zu 100% unterschätzen. Die genaue Bestimmung dieser Parameter ist für die Reservoir-Modellierung jedoch von entscheidender Bedeutung. Die vorliegende Studie zeigt basierend auf Aufschlussstudien exemplarisch die Vorteile photogrammetrischer Methoden zur Bestimmung statistisch relevanter Reservoir-Modellierungsdaten auf, die auf Sedimentreservoirs im Untergrund übertragen werden können, wo die Datenbasis auf eindimensionale Bohrkerninformationen beschränkt ist.
Resumen

Los afloramientos han sido estudiados como análogos de las estructuras sedimentarias subsuperficiales, siendo la fotogrametría una técnica útil para obtener datos cuantitativos de la geometría de los sedimentos. Se han utilizado técnicas digitales fotogramétricas para estudiar los sedimentos fluviales de la formación Kayenta, en el Oeste de los EEUU y se han obtenido estadísticas de canales y elementos de inundación, a partir de un afloramiento modelo, que son pertinentes para la modelización de los reservorios subterráneos. Los resultados apoyan una interpretación de tipo río efímero para Kayenta. Sin embargo, la comparación de estas estadísticas 3D con las mismas procedentes de testigos 1D y fotografías 2D, muestra que las técnicas de toma de datos tradicionales subestiman las dimensiones y los rangos en los sistemas fluviales efímeros hasta en un 100%. La representación precisa de estos parámetros es crítica para la modelización de los reservorios. Por tanto, el estudio demuestra el valor de las técnicas fotogramétricas para obtener datos estadísticamente significativos de modelización de reservorios a partir de afloramientos, que puedan ser aplicados a escenarios subterráneos donde los datos se limitan a testigos 1D.

摘要
露头研究通常用作于地下研究的沉积储层库，对于沉淀物来说，摄影测量是一个有用的技术去取得数据分析。数据摄影测量（Digital photogrammetry ) 用在针对美国西部 Kayenta组的河流沉积物， 并且从其中一个露头模型中提取了与储层模型相关的河道和洪水元素的统计数据为表列。研究结果支持对于Kayenta组的短暂河流解释。然而，将3D统计数据收集对比与1D核心和2D照片研究，传统的数据收集技术低估了短暂河流系统中的元素以及尺寸和范围，高达100%。对于建造油库模型来讲，准确表达这些数据收集是至关重要。因此，该研究证明了从露头分析的摄影测量技术可以统计相关的油库模型建造的价值，而1D核心研究会有一定的限制。
FIG.1. The Colorado Plateau showing the extent of deposition of the Kayenta Formation, with general fluvial palaeoflow and aeolian palaeowind directions (arrows) and locations (1-3) marked where the photogrammetric models were acquired. Rose diagram in top right-hand corner (n = number of readings) depicts mean (arrows) palaeocurrent readings for fluvial sediments (light yellow and brown) and aeolian sediments (yellow) (modified after Harshbarger et al., 1957; Middleton & Blakey, 1983; Blakey 1994). Stratigraphic column in the lower right-hand corner highlighting the main focus of the study - the Lower Jurassic Kayenta Formation of the Glen Canyon Group (Green). 








FIG. 3. General workflow of the 3D photogrammetric model reconstruction process, data collection (blue), desktop processing (orange), the generation of 3D models using Agisoft PhotoScan™ (purple), including the points in which structure-from-motion (SfM) and multi-view stereo (MVS) were used, and post processing architectural element analysis within Virtual Reality Geological Studio (VRGS) software (green). Rectangle icons represent 3D photogrammetric model reconstruction steps, diamond icons represent outputs from each process (after Bemis et al. 2014; Schmitz et al. 2014; Kehl et al. 2017).








Fig. 4. (A) 3D triangulated mesh of model 1 (Moab), exposing the proximal Kayenta Formation (Fig. 1 for location). (B) Mapping of key geological features, such as bedding planes (grey), fluvial channels (green) and sheetfloods (purple) are shown. (C) Extruded 3D polylines of bedding planes and architectural elements depicted in (B) without the model.





Fig. 6. Summary sedimentary fluvial architectural element width to depth box and whisker plots of channels (green) and sheetfloods (purple) extracted from models 1 (proximal, 2 (medial) and 3 (distal). Minimum, average and maximum width measurements (20) are shown, along with 1 SD error bars.
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