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    Abstract
A shallow seismic analysis was conducted to image bedrock depth and geomorphology beneath Neogene alluvium and glacial outwash deposits along the La Plata River in southwestern Colorado. A main objective is to constrain terrace thickness to assist in aquifer assessments and to constrain the geomorphic evolution of the area. Refraction analysis techniques are used to image the unconsolidated sediment to bedrock interface by examining the velocity contrast in regards to a two layer model. Sources of error examined include the effects of ground roll, air-coupled waves, data collection pitfalls, ground saturation and processing error. In addition to defining the base of the terrace sediments, deeper anomalies were detected that could represent bedrock structures or buried fluvial channels. These anomalies occur over short horizontal distances (5-50m) indicating significant variability at the base of the terrace sediments. Regional well data constraints suggest unconsolidated sediment thickness of 6-20 meters which varies with this study’s 3-13 meter projected depths. The applied methods of this study demonstrate the utility of shallow seismic techniques to improve our understanding of terrace morphology and provide constraints for modeling shallow unconfined aquifers.

Introduction

Purpose 
Seismic analysis of terrace sediments was conducted to assist in constraining aquifer potentials within the agriculturally productive Pinedale Glacial Terrace in southwest Colorado (Fig.1). This information will be beneficial for future allocations of land and resources at the Old Fort Lewis site. In addition this will demonstrate the utility of inexpensive reflection seismic imaging techniques to determine terrace morphology and constrain shallow aquifers. Associated causes of error will be addressed to improve our understanding of common pitfalls and simple preventions in shallow depth studies. Seismic analysis is the most practical and inexpensive method of collecting this information and therefore was utilized. 

Location and Geologic Setting
The Old Fort Lewis Campus is located 15.4 miles west of Durango in southwestern Colorado (Fig.1). 
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Fig.1. The Study site with relationship to Durango in Southwestern Colorado.

The study site resides in the north east corner of its property and borders the La Plata River which is a seasonal river fed by snow melt. The La Plata Mountains are the source of melt runoff and lithologic components found in the unconsolidated sediments that are being examined (Scott & Moore, 1981; Eckel et al., 1949). These mountains are a result of domal uplift of sedimentary rocks ranging from the Pennsylvanian Hermosa Formation to the upper Cretaceous Mancos Shale which subsequently were intruded by igneous dikes, sills, and stocks. Most of the intrusives are porphoritic and more specifically are diorite- monzonite porpheries (Eckel et al. 1949). The La Plata Mountains are an example of a laccolithic type mountain group and have undergone interstitial glacial epochs that are responsible for many of the sedimentary terraces in the area, one of which is from the Pinedale Glaciation (Scott & Moore, 1981) and is a focus of this study.

The two unconsolidated terrace gravels that underlie the seismic profile line have been identified as alluvium and outwash. The outwash is attributed to being from the Pinedale Glaciation (Scott & Moore, 1981) which was the most recent glacial period in the Rockies and occurred during the Pleistocene (Licciardi & Peirce, 2008). The Pinedale glaciation stretched from the Wind River Range in Wyoming to the La Plata Mountains and began receding 16.3-17.3 ka in Colorado (Benson et al., 2005).
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Fig.2. The seismic profile depicted by a dark line in the upper right corner with relationship to geologic units. Qal- quaternary alluvium: unconsolidated boulder cobble gravel, sand silt. Clasts are 90% intermediate volcanic and dike rocks. Qpo-Pinedale Glacial Outwash: Boulder, cobble alluvium with loose sand to clay matrix. Clasts are dominantly diorite monzonite porphory, sandstone, siltstone and other La Plata Mountain source rocks (Modified from Scott & Moore, 1981).

The bedrock is projected as Cliff House Sandstone which is Cretaceous in age. It was deposited by a transgressive interior seaway and may contain inlet channel or shore face structures (Donselaar, 1989) that would be identifiable by seismic analysis. Within the Cliff House unit some shale’s are present which could cause velocity variation creating a false structural image of the bedrock surface. 

Below the Cliff House Sandstone is the Menifee Formation which is comprised of interbedded sandstone, siltstone, shale’s and coal. The variation in rock type (e.g. sandstone channel deposits embedded in shale’s) could cause significant variation in velocity. However depth to this unit is unconstrained and is likely deeper than this studies imaging constraints. 
Transect Profile
The seismic transect is located on the northern boundary of the property (Fig.2). This chosen site runs parallel with a power line where all archeological sites had been cleared and a service road provided access. The small pond located to the north of the profile is fed by the Big Stick Ditch and is speculated as the primary source of recharge for groundwater along with spring runoff from the La Plata Mountains (personal communication with Dr. Gary Gianniny). The seismic profile crosses the entire outwash terrace deposit and the alluvium deposit until restricted by swampy terrain towards the La Plata River. Twenty-six shot locations were prepared using a hydraulic post-hole digger. Three shot locations comprise one profile and twelve profiles were conducted to complete the study. 
The seismic line is divided by Colorado HWY 140 which created unpredictable noise in profiles 1- 4. The entire seismic study was conducted under high voltage power lines which have been found to create seismic noise with frequencies around 60 Hz (Xia & Miller, 1998). This is likely the cause of the low resolution noise discussed later.
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Fig.3. An aerial photograph showing the twenty-six shot locations represented by flags that stretch 1,152 m comprising the 12 profiles. Highway 140 is on the right and an unnamed small pond to the north of the seismic line (Modified from La Plata CO GIS).

Methodology
Equipment 
This study was conducted using 2 ES-3000 Geodes, 2-48 meter cables, and 48-40 Hz wideband geophones. The geophones were placed at 2 meter intervals for 96 meters with shot locations at -2, 49 and 98 meters to enhance stacking patterns and account for wave dissipation. The source was a 12 gauge down-hole shotgun and was detonated one meter below the surface. Three shots were detonated in each source location and stacked to increase signal to noise ratio. The geophones parameters recorded data every 8kHz for a 4Hz period collecting 2000 measurements for each shot.  
Previous Work
A hydrologic study was conducted on the Red Mesa terraces in 2002 by Wright Water Engineers. The study was conducted approximately 30 miles south of the Old Fort Seismic Profile. The results will be used as a proxy to constrain groundwater fluctuations along with general bed rock depth. Forty-two wells were monitored 14 times during 2001 and 2002 with the nearest to the Old Fort study being approximately three miles to the south. 

The constraints that can be derived from bedrock and hydrologic maps reveal depth to bedrock at 20-60 ft and the water table fluctuations directly correlate with irrigation practices. Water well measurements read highest during spring and melt runoff periods and subsequently read lowest during all other months (WWE, 2002). If the water table was close to the bedrock interface it could act as a false boundary (Bradford, 2002; Goforth & Hayward, 1992; Miller & Xia, 1998). A 30 % porosity was assumed for the terrace sediments and 40% of the terrace volume was estimated as the actual aquifer storage based on well data although the entire terrace volume was also calculated to depict periods of oversaturation (WWE, 2002).

Only one record of an oil and gas well was obtained. It was located in the Pinedale Glacial Outwash Terrace 0.75 miles to the southwest of the seismic line. Well logs indicate the top of the Mesa Verde Group, which encompasses the Cliff House Sandstone member, at 50 ft (API# 05-067-05550 Permit # 530612, COGCC).The USGS Kline Quadrangle map projects thicknesses of the alluvium deposits to be 20-40 ft and the outwash deposits to be approximately 20 ft (Scott, Moore 1981).

                                      Data
First Arrival Picks
Picking is the process of identifying the first P-Wave arrival for each geophone in a profile line.  Accurately picking first arrivals dictates the accuracy of results for the rest of the study. This is not always easy to accomplish as the P-wave signal may be masked by noise or poor resolution from an inadequate source. Examples of good and poor first arrival traveltime curves are depicted in figures 4 and 5.
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Fig. 4. Depicting an example of a good seismic profile allowing for accurate first arrival picks. Notice the little noise in the high velocity zone. This allows for easy clarification in seismic signals and can be observed above the dark line.                                 
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Fig. 5. Depicting an example of a difficult to pick seismic profile overwhelmed by noise. Noise is depicted above the dark line and should be noticed that it becomes arbitrary where the line is placed the further the distance from the source location.
Travel Times
 
The travel times are compilations of all individually picked P-Wave first arrivals. By analyzing the relationship of first arrivals for a line of geophones it allows changes in wave velocity to be determined both spatially and temporally. This is seen in figure three where the first arrival makes a bend, indicating a change in velocity which implies a possible density contrast. This contrast could be due to the bedrock interface.


To validate the travel time curves each traveltime must fall within the 5% reciprocity error to be confident in their accuracy (SeisImager Manual, 2006). Seismic reciprocity refers to the ability of a wave to travel at the same speed no matter what direction the wave is propagating. To determine the reciprocity error the source and receiver locations are switched within the software parameters and any variation in travel times is determined (Stanford Exploration Project, 2000). Initially the reciprocity varied from -125.3- 30.5 ms but an auto correction was applied to adjust the travel times and distribute the error amongst all sources. Reciprocity decreased to within the acceptable margin of values between .7 -2.21% variation. Although it now meets acceptable standards it represents a false or adjusted image (SeisImager Manual, 2006).
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Fig. 6. Twenty six first arrival curves appended together. The observed curves represent actual data, the calculated curves show the correction from the reciprocity adjustment. See Appendix Fig. 1 for full size image.

Saturation Effects


Ground water can have immense effects on P-wave velocity which can result in false profiling for deeper layers (Bradford, 2002; Goforth and Hayward, 1992; Miller, Xia, 1998). The water table is capable of distorting P-Wave velocity by a factor of four or more which is referred to as an extreme velocity gradient. This causes poor stacking due to a lack of common midpoints (Bradford, 2002; Miller, Xia, 1998) which are produced by  multiple shots allowing for waves to reflect off the same interface with different incident angles (Musset, Khan, 2000). If the targeted interface is within 30 m of the water table it can affect the velocity, increasing the closer the two are to each other (Bradford, 2002). Effects will be minimal close to the source where near vertical incident waves are reflected; as the angle increases so do the effects of the water table. This is because normal moveout’s effects are minimal with near vertical arrivals (Bradford, 2002; Miller, Xia, 1998). In a glacial deposit found in Minnesota, the water table increased the velocity form 350 m/s to 1500 m/s at 6 meters depth which demonstrates the severity of the velocity gradient in rocks with substantial porosity (Miller, Xia, 1998). 
Travel Time Difference Curve: Delay times
The difference in travel time is the sole factor which determines depth to the bedrock interface in the profiles. The deeper the contact the longer it takes for waves to propagate the distance and therefore is the mechanism used to determine the depth to bedrock. In reflection studies this is a simple process but becomes more complicated when dealing with refracted waves. For refraction studies travel times are determined by the equation:
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X = horizontal distance a wave travels; V2 = velocity of the wave traveling along interface; h = thickness of the layer; V1= velocity of the wave from surface to the interface and from interface to the surface (Boyd, 2003).
This equation is derived from Snell’s law which is the primary equation for determining angles of refraction. Instead of a single bending occurrence this revised equation accounts for the refraction, distance a ray travels along an irregular interface and the return path to the surface. The first wave to travel this path is referred to as a head wave which is always the first refracted wave to arrive. Its travel time depends on the distance, incident angle, and velocity. The equation however can be simplified to that of a straight line. The slope is given by the first term and the intercept by the second; although it seems complicated simple trigonometric relationships prove this equation (Boyd, 2003).
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Fig.7.  Depicting the delay time between seismic waves in two way travel times for refracted waves. A general trend of thickening sediments can be observed the further one gets from the La Plata River. See Appendix Fig. 2 for full size Image.
It is important to observe the change in travel time which varies from 5 to 30 ms which will correlate to the change in depth. 
Sediment Volume and Aquifer Assessment: Pinedale Glacial Outwash
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Discussion
Sources of Error:

There are many possible sources of error within the data collection process. Mainly the equipment must be tested and tuned to the study site. With ample time and help there are precautionary measures such as walk-away noise testing to ensure proper geophone intervals and adequate ground to geophone coupling (Steeples, Miller, 1998). Trying multiple sources to achieve the highest signal to noise ratio is also important. This was not achievable in the Old Fort Lewis Study and is a subsequent source of error.
 Flaws with the 12 gauge down-hole shotgun include amplified air waves and enhanced ground roll. The depth at which the shot was detonated varied due to substrate compaction and backfill in-between trials. Coupling varied between trials as the hole was one meter in diameter and the down-hole gun is only three inches in diameter plus the cobble composition varied for each hole. In some cases the down-hole gun had such poor coupling that it would ‘jump’ indicating a potential increase in air coupled waves. Flaws in the data collection process will subsequently produce flawed profiles; some of these possible errors can be seen in figure 10 and will be discussed thereafter. Unfortunately sources of error cannot be quantified as filtering software was unavailable.
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Fig.10. A single shot at station 26 showing the influence of  Ground Roll (A), Air Coupled Wave (B) Low Velocity Zone (C), Environmental Noise (D), High Velocity Zone (E), Guided Waves (F).
Ground Roll has been an error of shallow seismic studies for several generations. Often its affects are greater in deeper studies but it can be seen in many of the seismic profiles from the Old Fort (Fig.10). These mask the true reflection signal which is problematic. Frequency filtering and muting are common in reducing ground roll effects but without these tools it is important to stack the data and carefully pick first breaks and layer assignments. The ability for the geophone to couple with the ground is important; a bad connection will result in enhanced ground roll. The geophones mass, dimensions of the earths contact, soil consolidation and moisture content interplay to create a good or bad couple between the geophone and ground surface (Hoover, Obriens, 1980). Geophone spike length and geophone radius have also been speculated as having affects on ground to geophone coupling. Recorded wave amplitudes have varied as much as 75% as a result of bad coupling (Krhon, 1984). Varied soils located at the Old Fort create an aspect of error that could not be accounted for due to unpredictability. Burying the geophones is recommended (Hoover, O’Brien, 19890; Krhon, 1984) but this was not manageable with this studies resources.
Air coupled waves occur when the source charge is detonated. It emits an air-blast that produces an acoustic wave. This wave can be herd by anyone near and poses a serious issue for processing data. If the air wave couples with the ground or directly to the geophone it travels with velocities that are reasonable for shallow seismic artifacts. This problem is addressed when picking first breaks and must be meticulously executed to generate confidence in the final profile. The airwaves arrive with frequencies between 200 and 500 Hz which will cause them to become aliased unless the geophone interval is less than one meter (Steeples, Miller, 1998). This creates a threat of airwaves stacking coherently at velocities expected for shallow materials.
Data Analysis 
After testing the model under depth constraints at 5, 10, 20, and 30 meters the seismic anomalies continue to be present with significant horizontal variation which suggests the data is robust and therefore is an accurate image of the bedrock terrace interface.  

          [image: image11.jpg]Elevation (m)

Elevation (m)

Elevation (m)

Elevation (m)

2366

2349

2333

2316

2299

2283

2366

2349

2333

2316

2299

2283

2366

2349

2333

2316

2299

2283

2366

2349

2333

2316

2299

2283

150

200

250

300 350 400 450 500 550

Distance (m)

150

200

250

T T T T T T

300 350 400 450 500 550

Distance (m)

150

200

250

300 350 400 450 500 550

Distance (m)

50

100

150

200

250

T T T T T T

300 350 400 450 500 550

Distance (m)




Fig.11. Profile 1-6 showing velocity variation when profiles are conducted under different model parameters. Resolution is only confidently predicted to propagate 10-15 meters deep which encompasses the bedrock terrace interface.
The magnitude of such features however may have been exaggerated by the effects of both data acquisition parameters and aliasing due to two meter geophone spacing with accurate resolution to four meters. Geomorphic processes must also be considered to determine the plausibility of terrace sediment thicknesses. Bedrock reflector two way traveltime curves vary from 5 to 30 ms which is a change of 25 ms. This reveals a one meter depth change for every 2.5 ms variation. The horizontal variation low velocity anomalies occur within the profile line at 100, 215, 350, 435, 590, 630, 680, 735, 820, 1090 meter marks which infers a braided stream channel structure. For this reason it is likely they are representations of actual subsurface features. Resolution of this study allows confident prediction of the bedrock terrace interface to within a 2.5 meter vertical component due to the 40Hz geophones and 4 meter horizontal component due to the geophone spacing. 
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Fig.12. Velocity model depicting change in speed as a result of density transitions. The bedrock contact is projected to be between 1000-1800 meters per second velocity which is depicted by a dark line. Horizontal variation is significant and does not resemble typical bedrock structures. See Appendix Fig.3 for full size image.
Results from this study fall within the realm of constraints mentioned earlier however horizontal variations are drastic and don’t depict typical bedrock or geomorphic structures. This may be a result of exaggerated features as they are arbitrarily drawn with respect to velocity contrasts but more realistically represent the depth to which ray paths dissipate. In this study nine shots were stacked in three shot locations but not enough trials were conducted to determine the efficiency. Resolution is confidently predicted to propagate 10-15 meters depths; beyond this depth features can not conclusively be determined.
 Although 12 gauge seismic shotguns have been found to propagate deeper than 15m the cobble to boulder composition of these terraces likely impeded the ray’s propagation. The source strength has been found to slightly increase lower frequency waves but primarily increases higher frequencies with a stronger source. For this reason other mechanisms such as geophone coupling must accompany changing the source to record desired wave frequencies (Park et al, 2001). To ensure acceptable resolution and determine the low resolution end affects, a middle model was conducted ensuring that desired frequencies were being measured (Fig. 13). 
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Fig.13. The Middle Model determines the magnitude of end effects of profiles. Features remain robust while slight vertical depth variation is present.


Forty Hz geophones were used in this study which has been determined capable of detecting waves as low as 10 Hz frequencies (Park et al, 2001). Assuming 10 Hz is the lowest frequency wave detectable, minimum investigation depth is half to one tenth the wave length determined by the equation:

















V = λ x ƒ
                                            V= Velocity; λ= wavelength; ƒ=frequency
                                                                   (Musset & Khan, 2000)
Low velocity values of 250m/s and frequencies of 10Hz produces a wavelength of 25m, assuming a 1/10 possible resolution this allows for detection of features 2.5 meters in dimension. If a 40 Hz wave is used with a velocity of 250 ms a wavelength of 6.25 meters is produced. Assuming a 50% detection rate features on the magnitude of three meters will be observed. This confirms resolution within the Old Fort study as the thinnest sediment thickness is three meters. A two meter geophone interval seemed appropriate because of the profile length but it subsequently raises the risk of spatial aliasing. The old Fort study parameters were chosen to produce 2000 measurements per shot, an easy to manage amount of data.

Geologic Interpretation
The sediment thickness under the seismic line increases the further one is from the La Plata River with numerous bedrock structures. To understand this you must contemplate the timing of aggradation and incision interplaying with glacial and fluvial activity to determine the terrace evolution. If the geomorphic structures on the bedrock surface are in fact real then it is possible the La Plata River had migrated horizontally creating the many channels seen in the seismic profiles under the terrace deposits. The terminal moraines of the Pinedale Glacier are located north of the seismic line (Scott & Moore,1981; Kirkham et al, 2000) which negates the possibility of ice scour carving some of the channel type features. The horizontal variation under the glacial outwash can be attributed to stages of glacial melt influencing frequent oscillations in channel elevation, producing variation in aggradation and incision rates of the La Plata River. This would have occurred before the La Plata River formed its stable channel in its current location (personal correspondence with Dr. Mary Gillam) and was likely a braided system at this time. 
Rivers with glaciated headwaters undergo cyclic alterations between periods of incision and aggradation which makes for a complex history of this type of terrace deposit (personal correspondence with Dr. Mary Gillam). Greater sediment thickness to the west of the seismic profile is observed which indicates increased aggradation occurred at that location. Thicker terrace deposits were formed when the La Plata River was experiencing higher volume flooding events. As the river migrated to the east the glacier provided less melt water creating a more concave channel, preventing flooding which in return decreased the rates of aggradation. No significant evidence of terrace reworking after their formation has been observed.
Horizontal variations in bedrock shape could also be related to composition differences as different rock types will induce different wave propagation velocities. If this is true then the bedrock profile could be a more consistent gradient and the channel type features are misrepresentations of geomorphic processes. This hypothesis is possible as velocities in shale (2000-4100m/s) sandstones (1700-7000 m/s) and coal (1200-1800 m/s) vary a great deal (UKM, 2011). The variable lithologies within the Menifee Formation are a possible explanation for this studies results but it remains uncertain the depths to the top of the Menifee Formation and if it is included within the study. The Cliff House Sandstone contains channel deposits but likely doesn’t contain the possible velocity contrast lithologies to explain the horizontal variation, this issue will remain uncertain until detailed well logs become available identifying the bedrock formation.
Conclusion

Shallow reflections recorded from the Old Fort Lewis La Plata River Terraces indicate depths ranging from 3-13 meters of unconsolidated sediment overlying a bedrock surface with significant horizontal variation. The boundary was found with velocities ranging from 1000-1800 m/s. This is consistent with velocities ranging from 200-2300 for unconsolidated sand and gravel and velocities ranging from 1300-1800 for sandstones (UKM, 2011). Final velocity models reveal fluvial channels six meters deep with horizontal variation on the scale of 5-50 meters. Aquifer potential remains a loose constraint as lateral continuity is assumed and is likely not the case. A sediment volume was calculated to be 6,749 af which is capable of a maximum aquifer storage of 2,024 af assuming complete saturation from bedrock to the terrace surface. Minimum aquifer storage estimates of 808 af were determined assuming 40% of terrace volume saturation. Both estimates assume a 30% porosity determined for Red Mesa Terraces (WWE, 2002). Half of the aquifer estimate is considered recoverable which provides approximately 1,000-400 af for agricultural use on the property. Structural features can increase the aquifer capacity potential (Miller et al., 1991) and variation in the profile was smoothed for simplistic calculations which likely reduced volume estimates. Effects of error remain uncertain and should be considered when utilizing any results of this study however parameter testing allows for confident prediction that real structures were being imaged. 
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Fig.9.   Pinedale Glacial Outwash terrace included on the Old Fort Property. Overlain is information to calculate surface area of the terrace in three parts that will then be added together. The surface area is then multiplied by the vertical sediment load determined in Fig.8 to determine volume in acre feet which is then used to determine aquifer potentials.





1-Determining percent of sediment due to offset profile line


(609/743) =0 .819


Volume of section 1


(1219)(0.819*5,572.5) = 5,563,366 m3


     


2-Percent of sediment 


(122/743) = 0.164


Volume for section 2


(0.164*5,572.5)(1524) = 1,392,768m 3





3-Percent of sediment


(487/743) = 0.655


Volume of section 3


(0.655*5572.5)(750)(.5) = 1,368,745 m3





Total Volume


(5,563,366 +1,392,768 +1,368,745 = 8,324,879 m3


Volume converted to acre feet (af)


                   6749 af ± 2,250 af





           Assuming 30% porosity 


Max Aquifer storage = 2024 af ± 675 af (assuming complete saturation)


Min Aquifer storage = 809 af ± 270 af (assuming 40% terrace saturation)
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Fig.8. A two dimensional view of the sediment load under the seismic profile with assumed smoothing of geometries to generate an easier model for general reference
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