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Abstract

This work is the culmination dfvo independent but related projects regardireg
nearsurface. The first involvea geophysical examination of Barringer Meteorite Crater
(ak.a. Meteor Crater) in ndhern Arizona. Thebjective to obtain grounetruth data to
betterchaicterize the subsurfaceas accomplished via@0 m 2-D seismicline and
severalpotential fieldsurveys The reflection seismic results, although lacking in vertical
resolution, indicate several prominent horizons and possible faults. A tomographic
inversion of the refraction data reveals a complex-sagace velocity structure that is
in agreemet with a faulted subsurface. Forward models based on the gravity and
magnetic surveysere created ancomgdement the seismic findingsthey too indicate a
possible fault at 250 m along the seismic survey and suggest the top of the Moenkopi to
be at a dejt of 2630 m below the surface, similar to results obtained by Roddy et al.

(1975).

The purpose of the"2study was to characterize the near surfacBuablo of
Jemez New Mexico,to assess the geothermal potential of the geologically active rift
zone va a 475 m D seismic reflection line and a 1.44 km gravity surv8pecifically,
imaging faults in the subsurface magicatepossible hydrothermal migration pathways.
The results show beds dipping to the scaitlb®, crosscut by thelarge IndianSprings

fault zone, consistent with previous geologic work in the area.
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List of Figures

Fig. 1.1. Photoof seismic acquisition crew (author on right) using the weight drop
mechanism on the rear of a pigg truck as the source of the seismic acquisition. (Photo
courtesyof ErayKoceg. e e e e € 6 € € éééé.éééeeeeee. .. 3.

Fig. 1.2. Scintrex C& Autograv gravity meter. (Photo courtesy of Scintrex
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Fig. 1.3. Frequency spectrum of raw shot gather 59 from Meteor Crater seisnéic line.

Fig. 1.4. Ultrasonic velocity measurement results of several hand samgte2 frock
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Fig. 2.2 Bedrock geologic map of area near Meteor Crater imprinted on an image taken
from Space Shuttle Columbia (cropped image#8iTS046614-058). Moenkopi and
Kaibab Formation contacts are approximate. Siatiel normal faults are mapped as seen

in the image. Soliine anticlines are consistent with the geologic map of Shoemaker
(published in 1960). Anticlinal and synclinal beratg taken from Shoemaker (1960).

Qb, Tm, and Pk refer to the contacts of the Quaternary basalt, Triassic Moenkopi, and
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Fig. 2.3. Field data of joint set orientations (30 and 304nfRoddy (1978) correlate
well with azimuths of crater diagonals (36 and 304). The joints have a spacing of 0.5 to
10 m and subdivide the crater into smaller square units (Poelchau et al.£28€09)..18

Fig. 2.4.Models show force needed to excavaltecks parallel (1) and at 45° (2) to joint
sets. The force necessary to excavate the
situation 1. Thus, crater excavation is more effective in situation 1, which forms a-square
shaped crater (Poelchau et 8009F ¢ € € € € € é ééé e e éé.é ..éé .18

Fig. 2.5. Grayscale image of shaded LIDAR data showing southern portion of ejecta

bl anket at Meteor Crater. The red dot repr
and | atitudéé 8SSADLHHNDHEeNdeeéeéeéeéeéeé .20
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Fig. 2.6. Image of shaded LIiDAR data of southern portion of ejecta blanket at Meteor
Crater. Red line represents seismic survey (AWD line). Yellow stars represent locations

of drill holes used in creating the South Line geologic csession in Roddy et al.
(1975). Green square is |l ocation of 1, 37606
AWDInee é ¢ éeéeéeéeéeéeéceeéeeéeéeéeéeée .21

Fig. 2.8. A simple 2D model of subsurface surrounding Meteor Créater.é é é . .23
Fig. 2.9. Ray tracing results from2model shown in Fig. 28.é é é ..€ é é é . .24

Fig. 2.10. An AVO reflectivity model of the expected ejebtanket/Moenkopi contact
using the property values shown in Fig. 2.8. The critical angle is 17.72°. Created using
the ZoeppritzBlack equation of the CREWES Reflectivity Explorer 8.8 € é é ..24
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Fig. 2.12. Satellite image of Meteor Crater using Google Earth. SSE red line extending
from the crater rim represents the survey of the 645 m seismic receivérédine..€ ..26

Fig. 2.13. Geometry of the Meteor Crater seismic surVhyee separate lines are shown
to emphasize how the line was rolled twice during acquisition. Both source and receiver
spacing remained constantat¥nt ¢ € € é e ¢ éééeééé.eééeéeé. .27.

Fig. 2.14. Seismic processing workflow applied to Meteor Crater segatae € € . 28.

Fig. 2.15. Raw shot gather 61 before data truncation (left) and after truncating data to 1
second (right). An AGC window of 200 ms was applied to both shot geatigeés é ..29

Fig. 2.16. Source and receiver geometry of the seismic line at Metatar. Red squares
and blue crosses represent shot and receiver locations, respecté&vayé ¢ é .. .30

Fig. 2.17. Subsurface CMP fold of entire Meteor Crater seismic Miagimum fold is
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Fig. 2.19.Shot gather 38 with several filters and gains applied to the Meteor Crater
seismic data. A is a raw shot gatherisBthe same shot gather with a 200 ms AGC
window applied. The remaining windows have the same AGC windows applied with
varying banepass filters: €80 Hz, 3060 Hz, 6690 Hz, and 94.20 Hz for C, D, E, and
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Fig. 2.20. Shot gather 213 with a 100 ms AGC window applied (left). Same shot gather
with noisy traces removed (righd)é ¢ e € é ¢ € € é e éééé ... eeéeéé.3b
Fig. 2.21. Shot gather 130 with a 100 ms AGC window applied. Green dashes indicate

first break picksBlue inset is a tim&listance plot of firsbreak picks (distance isaxis;
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Fig. 2.23. Shot gather 72 with a 50 ms AGC window applied. Green dashes indicate first
break picks along the refraction and black circle shows location diffraction-like
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Fig. 2.24.Results obtained from tomographic inversion of therd¥e firstbreak picks
(S. Roy, personal commApproximate depths of the Moenkopi and Kaibab formations
from the south line drill hole data by Roddy et al. (1975) are overlaid (dasheddir3s).

Fig. 2.25.Approximate depths of the Moenkopi and Kaibab formations from drill hole
data of the south line by Roddy et al. (1975). Drill holes 4, 5, 2, 7, and 8, respectively,
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Fig. 2.26. Smoothed longvavelength refraction statics applied to the Meteor Crater
seismic data. Velocity along theaxis ranges from 372 m/s to 2,569 m/s. Thaxis
represents field stations from 3 to 213 (each field station is 3 m épért)e. é . é .41

Fig. 2.27.Time vs. field station diagram of floating to fixed datum (elevation) statics
applied to the Meteor Crater seismic dathe elevation static along theayis ranges
from 2 ms to 16 ms. The-axis represents field stations from 3 to 21&c{dield station
is3maparB € é 6 ééééééeéeéecécécécéeeéeeeéeé. 41,

Fig. 2.28.Shot gather 60 before (left) and after (right) predictive decon was applied. X
axis represents traces from 1 to 120 and th&iy denotes time from 0 to 1 s. Amplitude
spectrum abottom ranges froml142to 1142 é € € € € é é é é é e e € é ..43

Fig. 2.29. Normalized frequency spectra of shot gather 60 before (left) and after (right)
predictive decon was applied. Frequency is alon tlaxix from 0 to 250 Hz. The-gxis
represents normalizétequency timeQto 6 € € € € é . . €. €6.€6.6.6.6.6 é¢é . 44.

Fig. 2.30.Shot gather 60 before (left) and after (middle) LMO filtering. Figure at right
shows the difference between the two, or the effect of the LMO filteexiXrepresents
traces from 1 to 12@nd the yaxis denotes time from 0 to 1 s. Amplitude spectrum at
bottom varies iN rang@.. €. € € ... 45



Fig. 2.31.Shot gather 80 with a 200 ms AGC window applied (left). Sahw gather
with the top mute applied (middle). Effect of tope mute is shown at rigkaxiX
represents traces from 1 to 120 and tkexig denotes time from 0 to 1 s. Amplitude

Fig. 232. Fk spectrum of shot gather 60 from Meteor Crater seismic lide.nfute
region is symmetrical about the origin and is limited to about 50@nré/s . € é ...47

Fig. 2.33.Shot gather 60 with a 200 ms AGC window (left). Same shot gather with the f
k filter applied (middle). Data removed by thek ffilter is shown at right. »axis
represents traces from 1 to 120 and tkexig denotes time from 0 to 1 s. Amplitude
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spectrum at bottom variesinrangee é e e é é ¢ ¢ éééeééeéeé.ééeééa7

Fig. 2.34.Constant velocity stacks: 1500 m/s (left), 2000 m/s (middle), and 2500 m/s
(right). X-axis represents CMPs4B0 and time is along theaxis from 0to 1 & é .49

Fig. 2.35.NMO velocity structure of the Meteor Crater seismic line based on velocity
anlyss. Velocity along the yaxis ranges from 1000 to 5000 m/s. CMPs along th&ix
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range from 1 to 45ééééééééééeéeécé.eéé. 49

Fig. 2.36. Brute stack of Meteor Crater seismic data afterdécon and banpass
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Fig. 2.37. Posstack Kirchoff time migrated section of Meteor Crater seismic surniy.

Fig. 2.38. CMP stack of Meteor Crater seismic data after noise attenuation-akie y
ranges from 0 to 1000 ms and ttraxis ranges from 0 to 440 CMPs (or 66Q.m).....52

Fig. 2.39. An interpretation of the Meteor Crater seismic section shown in Fig. 2.37. The
y-axis ranges from 0 to 1000 ms and thaxis ranges from 0 to 440 CMPs (or 660
mééeééeééeécécécéceéeeceeeeéeéeceéeceéecéeéee. . . bbb

Fig. 3.1. Shaded LIDAR data image of southeastern portion of Meteor Crater. Green dots
represent gravity station locations, which are separated into 5 individual lines (as
annotated). Red line represents extent of AWD seismic line. Ueitarhitrary and relate

to amount of shading. Not that the gravity line starts 90 m before the beginning of the
seismiclng é 6 éééééécéééééééeééeéeéeéeéceécé..n0

Fig. 3.2. Photo of Scintrex G& relative gravimeter (gray box in foreground) at a gravity
station at Meteor Crater. Rim of crater is in background (Photo courtesy of Eray
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Fig. 3.4. A transparent splinsterpolated terrain correction map of Meteor Crater
overlaid on top of the Li DAR data map. St a
from this study are shown in green and yellow, respectivédig. contour interval is 0.5
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Fig. 3.12. Simple forward gravity model of the sutbace, similar to the model in
Fig.2.8. Solid black and dotted lines represent the gravity response from the model and
actual acquired gravity data from the field, respectivelg. ¢ € ¢ é € € é é . &.7.2.

Fig. 3.13. Simple forward gravity model of the subsurfesienilar to the model in
Fig.3.12. Solid and dotted black lines represent the gravity response from the model and
actual acquired gravity data fromettiield, respectively. The misflietween the two is

0.14 mGal. The model differs from Fig. 3.12 throwmiigher topography at the crater

Fig. 3.14. Simple forward free air gravity model of the subsurface, similar to the model in
Fig.3.12. Solid and dotted black lines represent the free air gnagponse from the
model and acquired gravity data, respectively. Thevigr misfit is 0.31
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Fig. 3.15. A simple subsurface density model based on the velocity model shown in Fig.
2.24. Solid black and dotted linespresent the gravity response from the model and the
acquired gravity datagspectively. The gravity misfis 0.28 mGat é ¢ ¢ é é .é . 77
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Fig. 3.16. Shaded LiDAR data image of southeastern portion Meteor Crater. Yellow
squares represent magnetic statarations, which are partitioned into 4 individual lines,
as annotated. Units are arbitrary and relate to amount of shading.é ¢ é ¢ é . .78

Fig. 3.17. Magnetic data processing workflawr( . Hall 6s Spring 0610

University of Houstopné é ¢ é é e e e e e éééééééeceee.eeeée. . 79

Fig. 3.18. Total magnetic field intensity vs. distance of Meteor Crater Line 1 magnetic
survey. Blue and red lines represent unprocessed data and data after diurnal correction,
respectivelye é e é e ¢ ééééeééeécécéecéceéeéeéeéeée. sl

Fig. 3.19. Total magnetic field intensity vs. distance of processsed Meteor Crater Line 1
magnetic survey. Note, since this is a relative gravity survey, that 110 nT were subtracted
from the initial data to improve scali@gg € e e € € € é éé ééééeeeeé. 82
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Fig. 3.22.Simple forward magnetic model of the subsurface along Line 1. Solid black
and dotted lines represent the magnéield response of the model and the actual
magnetic field acquired at Meteor Cratexspectively. The magnetic misbetween the
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Fig. 3.23. A comparison of the velocity profile from the tomograpéiaction analysis
(top), residual gravity anomaly of Line 1 (middle), and residual magnetic anomaly of
Line 1(bottom). The gravity and magnetic lines are truncated in order to simplify the
comparison between the seismic and potential fieldédétg ¢ é é é € e ééé. . 91

Fig. 4.1. Google Earth image of Pueblo of Jemez geophysical study area. Blue line
indicates extent of seismic survey. Red line denotes extent of gravity survey. Other
important features nearby are also labeled. Inset picture shows locatiorvey area in
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Fig. 4.2.A west to east (left to right) geologic cressction through the Jemez, Indian
Springs, Vallecito Creek, and Jose Fault Zones. Faults in black are those identified from
otherstudies while those in color are from Huang et al. (2@1&)e é ¢ € é € é . 95.

Fig. 4.3.Simple synthetic model of the subsurface beneath the seismic survey at Jemez
Pueblo, NM. The various formations and thew&ve seismic velocities and densities are
shown.The yaxis shows elevation from 800to 1700éné é e ¢ é e e é é . e .. ®

Fig. 4.4. Ray tracing results (bottom) of the simple model shown in Fig. 4.3(topp7

Fig. 4.5. Deptko-time conversion of the Jemez Pueblo model shown in Fige €.3.98
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Fig. 4.6.Geometry of the Jemez Pueblo seismic line. Because of the availability of only
72 geophones, the first 24 were rolled to the end of the line to increase the total length of
the survey. A total of 86 shots were recorded with 96 live receiver stationsashot

,,,,,,,,,,,,,,,,,,, 7

receiver spacingswereeach®né ¢ é 6 ¢ é é ¢ éééééééééé.é. .9,

Fig. 4.7. A satellite image of the Jemez Pueblo seismic survey area. Blue and white lines
denote the Jemez Pueblo seismic line and the IndiangSpg-ault Zone, respectivel.00

Fig. 4.8. Seismic processing workflow applied to the Jemez Pueblo seisnécaatdll O

Fig. 4.9. Raw seismic shot gather 41 with a 200 ms AGC window applied. The ground
roll, airwave, refractions/reflections, and a bad trace are annotated. No discernible
reflecive energy exists beyond 1000 m on this raw shot gaitheé ¢ é é é € € . RO

/////////

Fig. 4.11. CMP sudurface fold of seismic line at Jemez Pueblo. Atypical fold geometry
results from rolling part of the line and keeping all geophones live during acquisition.
Maximum CMP foldis 72 é é ¢ ééeééeééeééeééeéeééeéée.é... . 210

Fig. 4.12. Truncated raw seismic shot gatdl with a 200 ms AGC gain applied. The
ground roll, airwave, refractions, possible reflections, and a bad trace are identlifiéd.

Fig. 4.13. Shot gather 38 with a 200 ms AGC gain and2B)Hz banepass filter to
highlight signals of interest.é e é ¢ é e ¢ ééeéeé.eééeééeéeée. 510

Fig. 4.16. A two layer model of the nesurface at Jemez Pueblo based on refraction
data. An average weathering layer velocity of 400 m/s was used based on direct arrival
results. The thickness of the weathering layer along the seismic line is shown along with
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the varying velocity of the™layeré é ¢ 6 6 6 6 6 6 6 6 6 6 6.6 6 6 6 é .108

Fig. 4.17.Long-wave refraction statics applied to Jemez Pueblo seismic data. Red and
blue points rpresent source and receiver statics, respectively. The statics increase in the
middle is due to the depressibke feature in Fig. 4.16. The maximum difference in
applied statics is about 20 ms-aXis represents field station-96) and the 3jaxis
repregnts the static correction-@dms)}¢ € € ¢ ¢ é éééééeéeéééé. . . 10
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Fig. 4.18.Shot gather 40 with a 200 ms AGC window applied before and after predictive
decon (left and right, respectively). Theaxis is trace number {I0) and the yaxis is
time(Olsgp ééeééeeéeéeéeéeéeéeéeéeéeeeeeée. 10

right, respectivelyf ¢ ¢ é 6 é 6 éééécéécéééecéé.éeééeéeé.llo

Fig. 4.20.Shot gather 40 with a 200 ms AGC window applied before limeése
removal (left). Same shot gather with LMO filters and top mute applied to remove
refractions and other coherent noise (right). Thexis is trace number {10) and the y
axisistme (Ols).é e é e éééecéééeééeé.eéeéeéeéeé.é. 11

Fig. 4.21.F-k spectra before (left) and after (right) ak filter was applied to the Jemez
Pueblo seismic line in the shot domainaXs is wavenumber@.5 to 0.5) and Jaxis is
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Fig. 4.22.Muted shot gather 4@ith a 200 ms AGC window applied (left). Same shot
gather with ank filter applied (middle). Data removed by th& filter is shown in the
image on the right. The-axis is trace number {Z0) and the saxis is time (61 s).....112

Fig. 4.23.Constanst velocity stacks of Jemez Pueblo seismic survey: 1500 m/s (left),
2000 m/s (middle), and 2500 m/s (rightkaXis is CMP (1178) and yaxis is time (61
Skeéecécécéeéeéeéeéeéeceéceécéecéeeeeeéeeé. 113

Fig. 4.24.RMS velocity profile of Jemez Pueblo seiic survey. Xaxis is CMP (1180)
and yaxis is time (61 s). Seismic Rvave velocity varies from 1,500 m/s (blue) to 2,300
ms(red)é é é6ééééééeéécécécécéecéeeeeceeé.éé..113

Fig. 4.25. Brute stack of Jemez PueblD 3eismic line (left). Same seisnsection after
40-190 Hz banepass filter (middle). Same seismic section after khaasb filter and-k
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Fig. 4.27. Interpreted postack Kirchoff time migrated section. Several prominent
reflectors were picked. It is clear that the dominant dip of the reflectors is to the south
(left). AGCisnotapplied ¢ 6 6 é 6 é e ééééééeééeéeééeé.ééeé .l116

Fig. 4.28. Google Earth image of seismic study area. Blue and white lines denote extent
of the Jemez Pueblo seismic line and the Indian Springs Fault Zone, respectively. The red
circles bound ancient edow lakes and riverhannels that make up the larger Jemez
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Fig. 4.29. Google Earth image of gravity survey study area. Red and white lines denote
extent of the Jemez Pueblo gravity line and the Indian Springs Fault Zone,
repectivelye é e éeééeééeéeéeée..éeéeééeéeéeéeé. . 120

Fig. 4.30. Uprocessed gravitaty vs. distance plot of Jemez Pueblo gravity survey.
Approximate location of Indian Springs Fault Zone from Fig. 4.29 is shown (about 630
meéeéeéeéeéeeeeée.éeecéeéeéeéeéeéee. . 1

Fig. 4.31. Graph of elevation vs. distance of Jemez Pueblo gravity survey. 3 points were
obtained from USGS topographic quadrangles of the area and -it &%t order
polynomial trendline was approximated to interpolate elevations between the points along

"""""""""""""""""""

Fig. 4.32. Distance vs. gravity plot of the free air anomaly of the Jemez Pueblo gravity
survey. Approximate leation of Indian Springs Fault Zone from Fig. 4.29 is shown
(@bout630mp é ééeééecéeééceéeéeééeeceéeéeecéeeeé. 14

Fig. 4.33. Distance vs. gravity plot of simple Bouguer anomaly of Jemez Pueblo gravity
survey. Approximate location of Indian Springs Fault Zdreem Fig. 4.29 is shown
(@bout630mp é éeeééeéeéeeééeée.ééeeéeeééeeée. 1S

Fig. 4.34. A simplified subsurface model along the gravity survey at Jemez Pueblo, NM
(bottom). Several formations, the same as those shown in Fig. 4.3, with similar densities
were grouped together for simplicity. The Indian Springs fault zone is shown in the
middle. Solid black line (top) represents gravity field resulting from the model. Dotted
black line (top) represents actual field measurements fronravéygsurvey. The graty
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Fig. 4.35. Gravity results (top) and stacked seismic section (bottom). The solid black and
dotted lines on the gravity data represent the model and actual resspisctively. The
seismic section shows 4 interpreted horizons up to a time of 500 ms. The dipping
reflections are likely the cause of the increase in the gravity field from left t@ righ#o

Fig. A.1. Google Earth image of UHCC outlined in red. Majmads shown. Galveston
Island is located in bottom rightcorneré é ¢ é é € é é 6 ééééeéééé. . 140
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Fig. A.3. Google Earth image of areasitidy. Red box outlines extent of UHCC and
yellow line represents extent of seismic reflection study. Callout points to offset well
used in seismic to well log correlatiéné é é é é € € € € €€ ééééé . é. . 142

Fig. A.4. Geometry of the Lamarque seismic survey. Botirce and receiver spacings
remained constant at 3 m. The survey consists of 120 receivers and 121éstéotsl42
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Fig. A.7.Subsurface CMP fold of LaMarque seismic line. Maximum fold is 12@&xi6
is CMP number (240) and yaxis is fold (0120).é e e é é € € é € € é é € . .144
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Fig. A.9. Shot gather 60 before (left) and after (right) applyinglafilter. Much of the
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Fig. A.12. A pre-stack Kirchoff timemigration (left), a brute stack (middle), and post
stack Kirchoff time migration (right) are shown-axis represents CMP (240) and y
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Fig. A.14.Interpreted prestack Kirchoff timemigration (left) and its respective tinte-
depth converted section (right)-akis represents CMP {240) and yaxis time (61000
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Fig. A.15.Well logs used focorrelation to seismic data (left) and a facies interpretation
of the well logs (right). Well APl # 4267-31368. GR scale is-D50 API units. SP scale
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Fig. A.16. Depthconverted prestack timemigrated seismic section (background) with
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Chapter 1

Introduction

1.1 Motivation/Objective

The mainpurposeof this study is to gain a better understanding of imaging
complex near surface structures through the integration of various geophysical
techniques, namely seismic and potential field methods. InjtibAlg projectswere
undertaken as separate works. As they progresisedvieteor Crateandthe Pueblo of
Jemez projects wereombined into a single larger work as a result of their similar

goal® imaging the neasurface.

The impetus folgemhysical work atMeteor Crater waseveralfold: 1) to help
unravelthe mysteryot he astr obl e m2td delinsateuha thiekasssohthep e
ejecta blanket, and)3 t o characteri ze t Rezentcgeodgioalr 6 s
studies (Poelchau et al., 2009) indicate thatipugact fractures and joint sets in the
target lithologies may have caused a-ooiform distribution of energy from the center
of the i mpact, r squardliketshapedo tésinthisthypethesisy seisnecr 6 s
and potential field data were acquired in the hopes of locating these fraetcireatéd
asfaults) to understand their role in the cratering process. The results of this work will

aid in our comprehension of impact maafcs on Earth and beyond.



Unlike the Meteor Crater studywhich is driven primarily by scientific
understandinghe geophysical work aiemez Pueblws driven by resource potentidlhe
Pueblo of Jemez is located atop a shallow geothermal reservois fhat of the Valles
Caldera volcanic terrain. Becausethe presence of hot springsthe area, the region
hasthe potential to be a geothermahergyresourceThe Pueblo of Jemez Reservation,
in partnership with the Department of Energy, are inteceé exploring the geologic
and economic feasibility of such an undertaking. To address this, iasdetailed
structural study of the subsurfaceeds to be completed, which this project helps to
achieve To assess the ar eadgas angnsight inte poteatitl ¢ a p a
hydrothermal circulation, seismic and gravity measurements were made. The tiggie
this study will help in ouunderstanohg of the neassurface, which will lead to better

informed economic decisions.

1.2Tools & Software

1.2.1.Acquisition

The Meteor Crater and Pueblo of Jemez geophysical date aequired,
processedand interpretedsng the same field equipment asdftware. The seismic data
were acquired using an accelerated weight dffyD) source from the back of a pick
up truck(Fig. 1.1). This propelled energy generat(fPEG)consistel of a 40 kg (88 Ib.)
metal cylinder that was mechanically lifted and then dropped onto a large metal plate on
the ground with the assistance of a heduty elastic bandWhen the weight drop struck
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the base plate, an impulse trigger mounted on the base plate was used to begin recording
seismic dataThe receiversconsising of 14 Hz single component+{Q) geophoneswvere
connected to 24it Geometrics Geodanalogto-digital (A/D) converters. The data were

acquired using Geometrics acquisition software on rugged field laptops

Fig. 1.1 Photo of seismic acquisition crew (author on right) using the weight drop mechanism on
the rear of gpick-up truck as the source dfie seismic acquisition. (Photo courtesy of Eray
Kocel).

Gravity data at Meteor Crater and Jemez Pueblo were acquired using a Scintrex
CG-5 Autograv gravity meteffFig. 1.2. The relative gravimeter is capable of 1 microgal
resolution anéninstrument drift of 0.02 mGal/day under favorable conditions. Although

impressive, the actual resolution of the acquired field data is more likely 0.01 mGal

because gprocessindimitations.



Fig. 1.2 Scintrex CG5 Autograv gravitymeter (Photo courtesy dbcintrex Limited.

The magnetic data were acquired usitgeometrics GB56AX proton pecession
magnetometer. The magnetometer recorded the absolute total magnetic field at each
station location. The magnetometer boasts a rasplof 0.1 nT and an accuracy 06

nT, well within the range needed fibre purposes of this study.

Ultrasonic measurements of rock samples ve¢se colected at Meteor Crateo
estimateoutcropvelocities of the formations of intere#t V-Meter MK-III ultrasonic
measurement system was utilized for this task. Although primarily used for concrete flaw
detection, the system is ideal for any srsatile velocity measuremeni® measure the

distance between the transduced #re receiver, digital caliper was used.



1.2.2.Processing

The sei smic dat a wer e pr amde Basadigiln usi n
Ge o p hy s i c aprobessing-softivar&hesesoftware packagewereused because
the data sets were small, the processing workflows simple, and the irgentare
friendly andintuitive. The purpose of using two software packages was to utilize each
oneds strengths in the pr ocessQCmobacqured kf | ow
data in the field, was used mainly in the preprocessing stage of the workflow such as
header manipulation, genetry definition/bining, killing noisy traces, and refraction
analysis;FOCUS, on the other hand, was used for the more intepsbeessing steps
such as deconvolution, velocity analysis, NMO correction, and migraftos software
packagesvere made availabléo all University of Houston geoscienstudents for free

on laboratory workstations.

Gravity datawere processed usimdicrosoft Excel. Specialized softwanasnot
necessarysince the processing workflogvconsist of numeric data manipulation via
simple equations. Like the gravity data, the magnetic data were also processed using
Microsoft Excel. However, to obtain the diatnvariation and main field coection
values, other softwareexe used. The diurnal variation corrections were obtained fro
Intermagnet, a global network of magnetic observatories. The closest magnetic
observatory to Meteor Crater was in Tucson, Arizdriee main field correctiamat each
station location were calculated using the Y1 generation of the International
Geomagnetic Reference Field 11 via a calculator on the National Oceanic and

At mospheric Administrationds (NOAAOGs) webs
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1.2.3.Interpretation

Simple seismic interpretation was completed using VISTA and FOCUS software.
Although the software packages are primarily used for data processing, they also contain
basic seismic interpretation tools such as horizon picking. These inatigmebols were
sufficient since the scope of this study was mainly concerned with gross structural

interpretation.

The potential fielddata were interpreted usirgicrosoft Excel andGe os of t 6 s
GM-SYS extension of the Oassoftware. Microsoft Excel was sed to remove the
regional field from the processed datass&t focus on the smalWavelength (near
surface) features within the residu#&ld. Forward modelof the geologic subsurface
were created iGM-SYSto model the resulting potential fields and compare thetheo

acquired data.

1.3 Data
1.3.1.Meteor Crater, Arizona

The acquisition ofacousti¢ gravity, and magneticdata at Meteor Crater was
undertaken from May 17to May 23", 2010 The main focus ofhis study, 860m 2-D
single componenseismicline ¢he first reflectionseismic study at Meteor Cratewas
acquiredalong the southern portion of the ejecta blanket just beyond the crater rim. Data

were recorded foB secondswith a sampling rate 00.5 ms.As a result, the Nyquist



frequency of the data is 1000 Hz, which is well above the highest frequency that the
signal of interest is expected to contaiA total of 228 shotspaced 3 m apawtere
acquired during the survey, each shatherconsisting of 120 trace§ his equalgo a

total number of 27,360 traceBhe dominant frequency of the raw datalmut 55 Hz, as

is shown inFig. 1.3 of a typical shot gather. Assuming an average-sadggace velocity

of 2000 m/s (typical of this studyarea) the eypected wavelength is abo85 m, which

corresponds tavertical resolutiodimit of 9 m (Kallweit and Wood, 1982).
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Fig. 1.3 Frequency spectrum of rasiot gather 59 from Meteor Crater seismic line.

In addition tothe seismidata just described, ultrasonmeeasurementsf several
rock samples weralsoacquiredin the field The dominant frequency of the transducer
was tested in the lab to be about 400 kHz. Assuming asueface velocity of @0 m/s,
the expected signal walength within the rock sample would be abbuhm. Each rock

sample was measuregveral timesand the average velocity and standard deviation of
7



each sample as calculated.A list of the rock samplesvaluated and their respective
velocities is shown irFig. 1.4 (R. Stewart, personal commNote that he range of P
wave velocities of each formativaries considerably. This is likely due to differences in

stratigraphy and distance from the crater rim of each hand sample.

Rock Range of P-wave
Formation velocity (m/s)
Moenkopi 1 815 £33
Moenkopi 2 1255 £ 106
Moenkopi 3 1570 £ 89
Kaibab 1 3705 £ 81
Kaibab 2 2560 £ 210

Fig. 1.4 Ultrasonic velocity measament results of several hasa@mples from 2ack formations
at Meteor Crater.

Thegravity and magnetic dataereacquired at Meteor Cratar conjunction with
the seismic dataA total of 79 unique gravity stations in the fooh5 lines and 72 unique
magnetic stations in thierm of 4 lines were acquiredhe magnetic observations shared
the same station locations as 4 of the gravity lifié® station spacing throughout the
surveysremained constant at 30. fror a completeverview of the seismiand potential
field data acquisition parameters, the reader is referretiapters2 and 3,respectively.

In addition, Tables 1and 2 (Appendix G include the raw gravity and magnetic data,

respectively.

In addition, geodetic daia the form of light detection and ranging (LIDAR) data

wereincluded in this studyo obtain accurate elevation data of the seismic linetlaad
8



gravity/magnetic stations. The data cover our survey area, namely the southern portion of
the crater beyondhe rim The LIDAR data were processed to a spatial resolution of 25
cm and a vertical resolution of about 5 cm. For more details, the reader is referred to

section 2.2.

Groundpenetrating Radar (GPR) amdulti-component(3-C) hammer seismic
data were alsacquired at Meteor Crater. However, these dataare beyond the scope

of thisproject and are thiwundation forother studies.

1.3.2.Pueblo of JemeNew Mexico

The geophysicallata athe Pueblo of Jemez were acquired in a sinfidahionto
Meteor Craterand were completed onMay 22", 2010.The data consist of one-l2
seismictestline and a single gravity lind.he 475 m single componem2nearsurface
seismicline was acquired for a period of 3 seconds with a samaf of 05 ms, resulting
in a Nyquist frequency of 1000 Hind 6000 samples per trace. With a total of 86 shot
gathers, each consisting of 72 traces, the total number of tamcesnted to 892.
Because the dominant frequency of tlatais about 2Hz (Fg. 1.5, which is lower than
the Meteor Crater seismic datthe expected wavelength is abod00 m, which
corresponds to a vetH resolution limit of25 m (assuming a neaurface velocity of
2000 m/s typical of the area However, processing steps such pi&iag deconvolution

and banepass filtering increasetie vertical resolution of theeismicdata.
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Fig. 1.5 Frequency spectrum of shot gatter from the Pueblo of Jemez seismic line. The
dominant frequency is abo@0 Hz.

The gravitysurveyacquired athe Pueblo of Jemez consistis73 unique gravity
stations with a constant spacing 2if m along a crooked lingesultingin a length of
1440 m. The motivation in acquiring such a long lim@as to image the Indianp8ngs
Fault Zone, a larggnown fault in the area. For an-itkepth summary of the acquisition

parameters, the reader is referredhapter 4

Unlike the Meteor Cratestudy, LIDAR data were not acquired at the Pueblo of
Jemez.Since the topography along the seismic line was #&yation statics, and
therefore elevation data, were not necessaryseismic processingHowever, the
topography along the gravisurveyvariedby as much agd5 mover the length of the
line. To properly process the gravity data, elevations accuratsvitioin seveal
centimeters were necessafjhus, spatial and elevation data were acquired using a
handheldGPS device accurate to within one meter spatiallyable 3 in Aopendix C

contains the raw gravity data acquired at the Pueblo of Jemez.
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1.4 Overview

The bulk ofthis studyis divided into 3 chapters, each dealing with a particular
data set or area of study, as is outlinadthe table of contents. The first datat,
encompassing the Meteor Crater seismic stuslycovered in chapter 2. The chapter
outlines the study from beginning to end, namely acquisition, processing, and
interpretatiorof the seismic dat@ackground information regarding the exact location of
the studyarea local geology, and elevation data concerning Meteor Crater are also

covered in this section.

Chapter 3 deals witpotential field dataacquired atMeteor Crater. The chapter
includes acquisition, processing, and interpretation of gravity and maglattiat the
study arealn addition, a joint interpretation of the potahfield ard seismic data is also

included, wherdinal conclusions regding Meteor Crater are summarized

The Jemez Pueblgeophysical studycomprising of seismic and gravity data, is
covered in chapter /An overview of the study area and local geglag covered first.
Then, seismic and gravity acquisition, processing, and interpretation portions of the study
aredescribedLastly, a joint interpretation of the area utilizing both geophysical methods

is summarized

In addition, a conclusion section @threeAppendicegA, B, and Q are included
at the end of the study. Theonclsion reviews the study and highlightgshe most
important resultsfrom this work. Rssible future workat the study areasnd
recommendations aralso included Appendix A encompasses a geophysical study at

11



LaMarque, Texas, wheredppendix Brefers toa seismic study at the Energgsearch
Pak at the University of Houston iklouston, TX.Appendix Cincludes tables of raw

gravity and magnetic dateom Meteor Gater, AZ, and Jemez Pueblo, NM.
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Chapter 2

Meteor Crater, AZd SeismicAnalysis

2.1 Introduction
2.1.1Area of Study

Barringer Meteorite Crater faa. Meteor Crater) isanimpact crater in northern
central Arizona. It lies about 5 miles south of U.S. Interstate 40 between Flagstaff and
Winslow, AZ. The crater, roughly 1.2 km across, was formed about 50,000 years ago by
aniron asteroid whose relics are t@@anyon Diablo metorites named after the canyon
nearby (Kring, 2007). Because the crater is so well preserved (due to its young age and
arid environment), it has been the site of great scientific interest since its discovery in the

late 19" century.

2.1.2 Previousnvestigations

Scientific inquiry into Meteor Crater dates back to the lat& déntury (Foote,
1891).Debate about iterigin be@n soon thereaftenith competing views betweehen
chief geologist at the United States Geological Suniesgve Karl Gilbert (steam

explosion) and Daniel MoreauBarringer (extraterrestrial impact). The debatged for

13



many more decadamtil detailed studies by Shoemaker (1960) and Gitaal. (1960,

1962)concludedhat the crater is of extraterrestraalgin.

Since the, numerous geological and geophysical studies were undertaken to
better understand the complex struct@ae of the first seismic studies at Meteor Crater
was carried ouby Ackermann et al. (1975), whose results friima seismic refraction
technique were in agreement with results obtained through drilling (Shoemaker, 1963).
Regan and Hinze (1975) completed the most comprehensive gravity and magnetic studies
of the craterTheir results favor a symmetric boslhaped brecia lens beneath the crater
floor and lack evidence of a metearitbody, in agreement with Ackermann (1975) and

Shoemaker (1963).

Work by Roddy et al(1975) and Roddy1978 focused on prémpact geologic
structure and madsalance and energy calcutais through an extensive rotary drilling
program The resultshave developed a more detailed understanding of the geologic
structure of the crater arithve been the basis for numersggntific studies since then,
including Pilon and Grieve (1991), Kumand Kring (2@8), and Poelchau et al. (2009),

to name a few.

2.1.3GeologicSetting

Meteor Crater lies roughly 1680 m al@osea level in the southern portiohthe
Colorado Plateau (Kring, 2007). It is a simple bawaped crater, which is characteristic

of craters 2 km in diameter or less in sedntary rocks (Pilkington and GrieviE992). It
14



has an average diameter of 1.2 km, is about 180 m deep fromatee ram to the floor
(well below the surrounding plain), and rises-&D m above the surrounding flat

erosional terrain (Kring, 2007).

There are roughly 1070 m of Paleozoic and Mesozoic sediments overlying the
PreCambrian crystalline basement rock in theinity of Meteor Crater; these are the
same welknown sedimentary formations that are es@d at the Grand Canyon (Fig.
2.1). Nonetheless, only the four topmost formations are visible within the crater walls: the
Coconino, Toroweap, Kaibab, and Moenkdpormations. The topmost Moenkopi,
consisting of the Moqui (fissile siltstone) and Wupatki (massive sandstone) Members, is
most distinguishable because of its dark red color. Beneath the Moenkopi is the Kaibab,
which consists of three members: Alpha, Baad Gamma. The Kaibab is a thick
dolomite with inter-beddedwhite sandstoneBelow the Kaibab is the Toroweap, a thin
layer of sandstone and dolomite. Partially exposed at the bottom of the crater is the
Coconino, a massive crebgsdded quartzose sandsto The Coconino overlies the Supai,
Naco, Molas, Redwall, and Martin Formations; although these remaining bottommost
formations have not been excavated by the impact, evidence suggests that they have been
extensively fractured (Ackermann et al., 1975)e Htratigraphy of the target lithologies

is explained in greater detail by Kring (2007).
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Fig. 2.1.Stratigraphy of target sediments and crystalline basement near Meteor Cratery properl
scaled as a function of deptring, 2007)

To understand thpostimpact crater, prémpact structural features must first be

considered. Prampact topography of the area consisted ofaa tiérrain with a regional

dip of about 0.5° to the northeast (Roddy, 1978). In additiomimpact structural
features were Biilar to those seen today: impact occurred on a gentle monoclonal fold
(Fig 2.2), NW-SE normal faults with offsets of a few meters to 30 m cutsthe target
sedimentsand two vertical joint sets extending for hundreds of meters to depths of about
100 mat orientations of 30B08° (NW-SE primary set) and 182° (NESW secondary

set) also crossut the region (ig. 2.3). It is these sets of joints, which are diagonal to the

corners of the square crater, that Shoemaker (1960, 1987), Roddy (1978), anduPetelch
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al . (2009) attr i b-ke shape im planhview. The hygothesi8 is that q u a r
in the later stages of the cratering process, when induced stresses are on the same order of
strength as the target lithologies, shear stresses exerte@lpargdints are less resolved

than at a 45° angle to the joints, resulting in greateawation towards the cornersgF

2.4).

Fig. 2.2 Bedrock geologic map of area near Meteor Crater imprinted on an image taken from
Space Shuttle Columbia (croppiedage of #STS04814-058). Moenkopi and Kaibab Formation
contacts are approximate. Selide normal faults are nmped as seen in the image. 8dihe
anticlines are consistent with the geologic map of Shoemaker gpedbiin 1960). Anticlinal and
synclinal bendsare taken from Shoemaker (196@b, Tm, and Pk ref to the contacts of the
Quatenary basalt, Triassic Moenkopi, and Permian Kaibab formations, respectimhg,(
2007)
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Joint set orientation and crater diagonals
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Fig. 2.3. Field data of joint set orientations (30 and 304) from Roddy (1978) correlate well with
azimuths of crater diagonals (36 and 304). The joints have a spacing of 0.5 to 10 m and subdivide

the crater intemaller square uni{®oelchatet al., 2009)

F: force resulting from
excavation flow field
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Fig. 2.4. Models show force needed to excavate blocks pardjehnd at 45°2) to joint sets.

The force necessary to

e X C aas@reater thah m sithatiom 4.k

Thus, crater excavation is more effective in situatiorwhich forms a squarshaped crater

(Poelchau et al., 2009)
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Il n addition to joint set s, Aradi al cor

corners, which are thought to be the result of the reactivation of these joints at the time of
the impact (Poelchau at., 2009). These faults are characterized by vertical displacement
with a rotational component, resulting in greatest rim uplift in the corners of the crater
(Poelchau et al., 2009). The reactivation of these joints into faults is important in this
study:if these joint sets reactivated into faults throughout the vicinity of the crater, then

they will be easier to resolve and interpret with geophysical methods.

2.2 Topography/LIiDAR

Spatial data wre acquired in the field via a handheld GR&eiver along the
seismic line at each of the gravity statiolish e G Rittidesand llongitude readings
were accurate d within a foot; elevationso within a few meters. The poor elevation
accuracywas due in large part to a lack of experience and letye in operating the
GPS device. To obita more accurate elevations, light detection and ranging (LiDAR)
data vereutilized to create a digital elevation model (DEMhe data wreacquiredover
the entire crater as well as most of the ejecta blanketusuting the cratetdowever,
because this study is only concerned with the southern portion of the crater beyond the

rim, only that portion of the data wased(Fig. 2.5).
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Fig. 2.5. Grayscaledmage of shaded LiDARIatashowingsouthern portion of ejecta blanket at
Meteor Crater.The ted dot represents center of craed ongi t ude 111A016190
35A016400 N)

The LIDAR data,acquired by airplane over the craterthg National Centelfor
Airborne Laser MappingNCALM), havea horizontal resolution of 25 cm and a vertical
resolution of about 5 ci@ accurate enoughof the geophysical purposes of this study.

The data ara@livided into squares 25 cm on a side; the elevation of each square is then

averaged and is assigned tbatresponding value.

The tent of theDEM includesall of the graity stations, yet doesot extend to
the end of the seismic linghis lack of elevationsvas solved by fitting a"? order
polynomial to thdast 100 metersf the LIDAR data set and exjpolatng the results to
the remaindeof the seismicline. Although not perfect, the solution is valid for seismic
purposesincethe terrain far from the crater flattens consaddy and variations of only a

few metershave a negligible effect on thHmal result.Fig. 2.6 shows theextent of the
20



DEM along the length of the seismic lifeed) Also included in the figure are the
locations of the drill holes used in creating the geologic cross section of the South Line in
Roddyet al.(1975), shownaseyl | ow st ars, and the | ocation
square) which was drilled in 1922T he di stance from the 1, 3
beginning of the seismic line is 76 m (map scale is 1:4,009)2.7 shows the elevation

vs. distance plot ofhe seismic survey. As expected, the change in elevation is greatest
near the beginning of the seismic line (near the crater rim)salehst towards the end

(about DO meters from the crater rim).

Fig. 2.6. Image of shaded LiDARataof southerrportion of ejecta blanket at Meteor Crateed
line represents seismsurvey(AWD line). Yellow stars represent locations of drill holes used in
creating the South Line geologic cross section in Raddy.(1975). Green square is lowat of

1, 3 7 bhle, avhich is 75.5 m from the start of the AWD line.
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Elevation vs. Distance of Meteor Crater Seismic Line
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Fig. 2.7 Elevation vs. distance graph of Meteor Crater seismic line using LIiDAR data.

2.3 Synthetic Modeling

Utilizing knowledge of thec r a tsabsuiface from previoustudies (Kring,
2007),a simpe modelwas first createdo estimate the exeted seismic signal. The
model, shown in k. 2.8, consists of Sormationswith varying Pwave velocities and
densities, as depictedhe Toroweap is not included in this model because aintdar
aooustic properties to the Coconino and its relatively insignificant thicknisis not
expected to be resolved by seismic dawzerage values for the lithologic progies were
obtained from a geophysical study of the crater by Roddyg).Only 5 layerswere
created within the model (reaching a depth of about 500 m below the surface) because the
weightdrop source was not expected to propagate sufficedtective energy beyond

this depth and the deeper formations are not thioiogbe affected by thenipact.
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Fig. 2.8 A simple 2D model of subsurface surrounding Meteor Crater.

A ray tracing simulation was then p@med on the moddb gaina sense of the
reflection hyperbolae from the various reflectors and to estithatetime of arrival (Fig.
2.9. It is worth notingthat the reflectionhyperbolaof the ejecta blanket/Moenkopi
interface(red) is at a steep angle, indicating a long iway propagatiortime from the
source to the receiver. This is a result of the low velocity of the ejecta blanket above the
Moenkopi. This sharp increase in velocity from tegctalayer to the Moenkopi
formationcreates an imagg problem: far offset reflections from ghcontactan only be
imaged by removing the deeper reflens via NMO correction.Miller and Xia (1998)
propose segregation of shallow lower velocity reflections from higher velocity reflections
during processing to maximize accuracy and resolution pakeAlso, such a large
change in velocity resdin postcritical reflections at a small angle of incider{€gogo

et al., 2004)Indeed, a simple AVO model of the interface sholes thecritical angleis
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reachedat about 18°(Fig. 2.10Q. Thus, maging such shalle reflectors is a formidable

task.
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Fig. 2.9 Ray tracing resultsom 2-D model shown inig. 2.8
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Fig. 2.1Q An AVO reflectivity model of the expected ejecta blanket/Moenkopi contacy tkan
property values shown inid: 2.8 The critical angle is 17.72°. Created using the ZoepBtiazk
equation of th€REWES Reflectivity Explorer 2.1
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In addition, a deptho-time conversion of the-BP model was performed to
simulate what a final stacked seismic time section may look (fg. 2.11) The
information gleaned from these models indicates that the reflections of interest are
expected to be recorded no later than 300 ms, the majority of which are to be recorded
before 150 msAlthough the modeling results amesightful, they ae only meant to be a
guide: the actual results will vary greatly because of structural inaccuracies of the model,

noise contamination, etc.
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Fig. 2.11 Depthto-time conversiomf 2-D model shown in ig. 2.8.

2.4 Acquisition

The main focus of this studg a660 m 2-D single componergeismic line that
begins near the southern crater rim and extends in a 88&iah across the ejecta
blanket(Fig. 2.12. The line consists of 21feld stationswith a spacing of 3 mSince
there were only 120 geophones available, the line was rolled twice witlectdvers

being taken from thestartof the line and placed at thend eachtime; the rolling thus
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resulted in a 64%n receiverline. In addition, several -& seismic lines were acquired
using a hammer source and twentZ 3eceiverson a land streamdp investigate ta
ejectalayer; work on thes8-C data sethas already begun and preliminary results have

been published (Rost al, 2010).

- (.ooglc

Fig. 2.12 Satellite image of Meteor Crater using Google Earth. SSE red line extending from the
crater rim reprgents the survey of the 64bseismiaeceiverine.

The main SSEseismic line was acquired with shots at each location, which
werestacked automatically in the fiel@he shotspr acceleratedveight dropsfrom the
back of a pickup truck were placed halfway betweencbapair of geophones and about
1 m to one side of the entire lin&his type ofgeometry yielded a shot spacing of 3m.
Because of several initial bad shots, the first recorded shot location was between receiver

stations 2 and 3i.e. 4.5 m) and the last eféind shot was located &76.5 m which
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maiked the end of the seismic lin€his geometry yielded 214plit-spread shotand

another 10 ofiend shotstahe end of the line. In addition, several shots had repeated shot

locations, increasing the total number of shots to Z8@.total length of th&nal seismic

image resulted in a8® m line.The geometry of thentire line is showin Fig. 2.13

Im
——
Receiver locations 2-120
A A A
X X X
Source locations 2-121
Im

Receiver locations 49-168

A A

XX

Source locations 122-170

Receiver locations 97-216

A A
X X

Source locations 171-230

Fig. 2.13 Geometry ofthe Meteor Crater seismic survey. Threparate lines are shown

emphasize how the line was rolled twice during acquisition. Both source and receiver spacing

remained constant at 3 m.

2.5 Processing

To make the raw seismic datflectthe structure of thesubsurfacga processing
workflow was established=(g. 214). These data processing techniquiffer from most

hydrocarbon exploratieacaleseismic processingnethodsbecause th&argets of interest
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vary considerably. Neaurface seismic reflection methodse ofteninterested in the
topmost 500 ms or lesswhereas exploratieecaleseismic data aresually concerned
with 3-4 seconds of data or mofBaker et al., 1998)The processing workflown Fg.
2.14is a modification of several other nesaurface processing workflows that haveen
successful inmaging the shallow subsurface (Bak&®99; Kaiser et al., 2009This
particularworkflow focuses muchenergyon attenuating noise; in particular, grountl
due to a thick unconsolidategecta blankefTo process the dat&wo different processing

software packages weretilized: Ge d c 0 6 sandWiags taa@ i gm Geédocpshysi ca

, Meteor Crater Workflow

software

Truncate Filter &
Data Gain T
l T wlr Poststack
Kirchoff
Define Linear CMPsort & _T'"“?
Geometry Moise Velocity Migration
& Binning Removal Analysis

!

|

f

Predictive
decon

| !

Kill Noisy
Traces

[

NMO &
Stretch
Mute

Statics
Caorrections

|

Brute Stack

Filter &
Gain

f

F-¥decon

Fig. 2.14. Seismic processingorkflow applied to Meteor Crater seisndata.




Theinitial step in the processing workflow was to input and truncate any unused
data.Although datan the field were gathered f@ secondsthe object of the survey was
to characterize theear-surface. Thus, data beyond 1000 weyre truncated.Fig. 2.15
shows shot gather 61 before and after data truncation. The main purpose of reti®ving t
tail-end of the data was to decrease the computing time of later processing steps and to
divert the processorods attention away from

weight drop is not expected to be recorded beyond that time

| s =1 = | o
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Fig. 215 Raw shot gather 61 before data truncation)(l&ftd after truncating data to 1 second
(right). An AGC window of 200 ms was applied to both shot gathers.

Next, the source and raeer geometries of the survey weattefined according to
the acquisition pameters mentioneth section 2.4 (Fig. 2.36 This step required
complex header manipulation because a portion of the receiver lineolied twice

during acquisition In addition, thevariable topography along the line necessitated the
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inclusion ofelevatiors at each shot and receivrcation, whichwereinput at this time

from LIDAR data gatheregrior to this study

ant Wosailll TERS)

1 " 2 I 4 51 61 71 # 91 101 111 121 131 141 151 161 171 181 191 201 211
1 1" 21 k3] 41 51 861 T 81 92 102 112 123 133 143 153 163 173 183 193 203 213 223

Worth SoeMETER S,
-

Fig. 2.16 Source and receiver geometrythe seismic line at Meteor Crater. Red squares and
blue crosses represetos and receier locations, rgsectively.

Common midpoint (CMP) bins were then createdoalg the line @ sortthe data
by CMP in laterprocessingsteps The geometry of the line resulted in CMP binsld&f
meters. The CMP fold of the line was calculated based on the acquisitamegtars
(Fig. 2.1%. The CMP foldis norruniform because atif the geophones were live during
each shot and the shooting scheme was a combination of beghcbtind splispread
shots. In addition, the line was rolled twice, which further complicatedubsurface

CMP fold results.
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FOLD

Fig. 2.17 Sulsurface CMP fold of entire Meteor Crater seismic IMaeximum fold is 119.

A first examination of theaw datawas caductedto identify major features and
check he quality of the data. Fig2.18 shows the results of this examination from shot
gather61. From this first pass, it waevident that the airwave and ground roll would pose
a challenge inimaging the susurfacebecause their higamplitude and low velocities
mask most ofthe signal of interest. Fig2.18 also shows the refractions apdssible
reflections within the shot gather. The area where most reflections within this survey are
expected to be properly imadjes called the optimum windowH(inter et al., 1984 This
area is known as such because it is an area of minimal interference from ground roll on
the near offsets and from refractions on the far offsets. Thus, it is bobpdettactions
at the far offsts and by the noise cone at the near offgdteough the optimum window
is an area where most reflections can be seen, valuable reflection data stisuithii
the noise cone, which is why noise attenuation is so important in the processing efforts of

this data set
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Fig. 2.18 Truncated raw seismic shot gather ®ith a 200 ms AGC window applied. djor
featuresareindicated by catbut symbols

Although possible reflectiona the near surfacdeave been identifieth Fig. 2.18
it is not clearwhether they are reflections or refractior®roperly sepaating the
reflections fromthe refractions will bea difficult step in creating ammage of the
subsurfaceThe data were also passed through numerous-fpaselfilters in an attempt
to identify aml separate desired signals from noise thaggon their frequency spectra.
Fig. 2.19 shows several of these filter and gain applications. It is clear therfigure
that desired reflections within the optimum windoantain frequencies similar to data
residingin the noise cond-dence asimple bandpass filter will notsuffice in separating
ground roll fromreflections A more precise spectral analysis of théadadicates that
the reflected signals lie in th20-120 Hz band,or in the typical seismidrequency

bandwidth
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[T o

Fig. 2.19 Shot gather 38 with several filters and gaapglied to theMeteor Crateseismic data.

A is a raw shot gatheB is the same shot gather with a 200 ms AGC window applied. The
remaining windows have the same AGC windows applied with varying-passl filters: €80

Hz, 3060 Hz, 6690 Hz, and 9420 Hz for C, D, E, and Frespectively.

The next step in the workflow involved killing all noisy traces that could
contaminate a stacked sectimmith spiked amplitude data. This step served to improve
the signalto-noise ratio $/N) of the data and ultimately produce a clearer image of the
reflections. Because of broken geophones, windy conditions, and human activity along
the receiver line during acquisition, great care was takeernroving all noisy traces.

Fig. 2.20is an exampleof a shot gather containing numerous noisy traces that were

removed
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Fig. 2.2Q Shot gather 213 wh a 100 ms AGC window appligdeft). Same shogather with
noisy traces removedight).

Next, elevation and refraction statics were calculatedagpudied to the data to
compensatdor changes in topographgnd ejectdayer heterogeneities throughout the
seismic line. To accomplish this goal, a refraction analysis of the first breaks was
completed. The first step involved picking the first breakshiwiteach shot gather.
Because the data were so noisy, the processcaraied outmanually. Fig.2.21 shows
shot gather 130 with first break pickBown in greerand aninset of thetime-distance
plot of these picks. It is evident fromid: 2.21that 2 lagrs are imagedyhthe refractions:
an upper lowvelocity unconsolidated ejectlayer (including a thin veneer of recent
eolian sand at the surfaca)d a highewelocity consolidated layer benedthnost likely

Moenkopior overturned sequence
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Fig. 2.21 Shot gather 130 with a 100 ms AGC window applied. Green dashes indicate first break
picks. Blue inset is a timdistance plot of firsbreak pickgdistance is »axis; time is yaxis).

Using these first breaks, a two layer model was construet¥ista (Fig. 2.29.
The model consists o&n upper unconsolidateldyer (ejecta blanket)and a lower
consolidated layeTheejecta layehas a variable velocity ranging from 375 m/s to about
650 m/s.The lower layer shows a varyinglocity structurejncreasing from 1500 m/s
near the crater rim tooughly 2500 m/sfarthest from the crateiThis velocityprofile is
expected: slower velocities near the fractured and brecciated crater rim and faster
velocities as you move away, where the ricless affeted by the shock of the impact
Due tosoftware limitatios, a constant velocity of 2000 m/s was used as the replacement
velocity for refraction statics based uptins analysis In addition to velocity changes,
the refraction analysis showsvariablethickness of the ejecta blankedadding tothe

compkxity of the subsurface.
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Fig. 2.22 A 2 layer model of the very neaurface based upon refraction data analysis. Velocities
and thicknesses are shown at various locations.

Assuming that the highearelocity refractions result from the Moenkdmedrock
drill-hole data in the areare not in total agreement wikig. 2.22 (Roddy et al 1975)
Drill-hole data indicate a 20 m thiejecta blanket on top of the Moenkopi near the
beginning of the seismic line, whithnds to thin with radial distanc&he approximate
depths of the Moenkopi and Kaibab formations along the south line drill hole data from
Roddy et al. (1975) are shown via dashedsling=ig. 2.24.This disparity may be due to
a thicker ejecta blanket close to the rim that includes overturned Kaibab and Moenkopi
formations.However, thaefractions could also be the result of a more competent breccia
above the Moenkopi bedrocklore ground truth drithde data are needed to solve this

problem.

Evidence for suclpossible lithologitstructuralchange in the neaurface resides
in the refractionsthemselvesA close inspection ofhie first break picks within shot
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gather 72shows a structurahnomaly neaffield station 60(Fig. 2.23. This type of
seismic response is typical of diffractions resulting from faultmthe subsurfacéCox,
1999) Several otkr suchdiffraction-like anomalies 1@ evidat throughout the seismic

line, which may be indicative dfighly faultedbedrock underlying the ejecta

TIME {ms)

Fig. 2.23 Shot gather 72 with & ms AGCwindow applied. Green dashes indicate first break
picks along the refraction and black circle shows locaticadiffraction-like anomaly.

Since the Vista software is intended mainly for processing reflection seismic data,
and therefordimited in refraction data analysis Geomet ri csd Pl otref a
to create a more robust image of thery-nearsurface(roughly 60 m)based orfirst
arrival refractiors. The latest results of the tomographic inv@msmethod are shown in
Fig. 2.24(S. Roy, personal comm.Approximate depths athe Moenkopi and Kaibab
formations from drill hole dataf the south lindby Roddy et al. (1975) are ovedaon
the imageand are shown in Fig. 2.2bhe locations of these drill holes are shown in Fig.

2.6.Because these drill holes are sparse and about 100 m to the west of the seismic line,
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they may not accurately repres¢iné subsurface along the stuaea and arenerefore

only used as a guidélowever, the southeast lideill hole data from Roddy et al. (1975)
show a similar trend in the subsurface, implying thatdepthsof the formation topsire

fairly uniform in the areaThe resultsin Fig. 2.24clearly show a lateral increase in the
velocity of the subsurfacaway from the craterespecially at 250 mHowever, the
velocity profile does not correspond to thkiariable ejecta blankethickness as was
expectedHence the velocity gradientnaybe controlled byotherfactors such aacture
densityor porosity (i.e. bedrock brecciation decreases with distance from the crater rim).
The velocity profile may aid in the interpretation of the gravity survey throughwvin

velocity-density relationships such as the Gardner equéBandner et al., 1974)

Velocity [m)s)
[T R R |

450 875 1300 1725 2150 2575 3000

1720

1700

1640 |

200 Distance(m) 400 600

Fig. 2.24 Results obtained from tomographic inversion of thedve firstbreak pickgS. Roy,
personal comm.)Approximate depths othe Moenkopi and Kaibab formations fraime south

line drill hole data byRoddy et al. (1975) are ovenigidashed line)
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Formation Tops from Drill Hole Data near Line 1
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Fig. 2.25.Approximate depths of the Moenkopi and Kaibab formations from drill hole data of the
south line by Roddy et al. (1979rill holes 4, 5, 2, 7, and 8, respectively, (shown in Fig. 2.6)
were used as data points.

Once the reframn analysis was completed, smoothedraction statics were
appliedto the seismic datsshown in kg. 2.26 In addition sincethe topography at
Meteor Créer varied greatlyelevation statics werdeemed necessaty correct for these

changesUsing a replacement velocity @00m/s a smoothed floating datum to fixed

datum elevation static shown ing-2.27wasapplied.
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Fig. 2.26 Smoothedong-wavelength refraction statics applied to the Meteor Crater seismic data
Velocity along the yaxis ranges from 372 m/s tg5B89 m/s. The saxis represents field stations
from 3 to 213 (each field station is 3 m apart).
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Fig. 2.27 Time vs.field staion diagram of floatingo fixed datum (elevation) statics appliex
the Meteor Crater seismic dat@he elevation static along theaxis ranges from 2 ms to 16 ms.
The xaxis represents field stations from 3 to 213 (each field station is 3 m apart).
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Like most hydrocarbon exploratiestale seismic processing workflows,
deconvolution (decon) was applied next. Although numerous-swetace seismic
reflection processingvorkflows do not includelecon (Baker, 199%Baker et al., 1998;
Buker et al., 1998Shtivelman etl., 1998), Kaiser et al. (2009) propose the process to
increase the resolution of shallow reflectiamghin the optimum reflection windowrhe
necessity for implementinglecon in this study is multifold. Firstly, many other near
surface studies utilized a rifle as a source instead of an accelerated weighaditie
source more closely resembles an impulse than a weight drop. Also, this study was
acquired using 14 Hz gphones as opposed to 40 Hz or even 100 Hz receivers and the
data were acquired with 3 stacks. As a result, the dominant frequency of the signal was
much lower than in other studies. Lastly, other studies were interested in the very near
surface (topmost®dm or even 10 m) while this study is interested iaging 200 m or
more. Thusdecon wasapplied to increase thesolution of the seismic data in the time

domain by attempting to create a reflection series.

In this case, predictevdecon was used instkaf spiking decoro avoid boosting
high-frequency noise in the data, which is abundant in this sflity.predictive decon
operator lengthand prediction lag used werB00 msand 10 ms respectively.The
predictive decon had the effect of suppressinghtige-frequency end of the spectrum
while preserving the overall spectral shape of the input aataell as predicting and
attenuating multiplegYilmaz, 2001).In addition, a 20160 Hz banepass filter was

applied to the deconvolved dasatto remove ay high frequency artifactand noise
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Fig. 2.28andFig. 2.29show shot gather®before and aftesleconand filteringand their

respectivenormalized frequency spectra

-1142 1142

Fig. 2.28 Shot gather 60 before (left) and after (rightedictive decon was appliedX-axis
represents traces from 1 to 120 and thexig denotes time from 0 to 1 s. Amplitude spectrum at
bottom ranges froml142 to 1142.
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Fig. 2.29 Normalized frequency spectod shot gather 60 before (left) and after (righ@dictive
decon was appliedFrequency is alon the-axis from 0 to 250 Hz. The-gxis represents
normalized frequency time O to 1.

Next, linear coherent noise was attenuated within the datalTket step was
completedin two phases: first, a suite of linearoveout(LMO) filters was applied to
remove low velocity and low frequency ground ratid then a top mute was applied to
separate the refractions from the reflectiqifsy. 2.3Q. Several LMO filters were
applied, each increasing in velocity from 100 no/9€00 m/s and containiregbandwidth
of 0-20 Hz Since a quick inspection of the ground roll revealed velocities of no more
than 700 m/s, a 900 m/s filter was deemeffigent. In addition, to refrain from
removinghigher frequency signals of interesatimay reside in the noise cone,-aMHz

low-cut filter was utilized
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Fig. 2.3Q Shot gather 60 before (left) and after (middle) LMO filtering. Figure at right shows the
difference between the two, tre effect of the LMO filters. axis represents traces from 1 to
120 and the yaxis denotes time from 0 to 1 s. Amplitude spectrum at bottom varies in range.

To minimize imaging refractions as reflections in the final stacked sectitop
mute was impemented (Fig. 2.3). This mute removed the topmost coherent signal
within the data setwhich most likely consists ofrefractiondata Although simple and
effective, it is not certain whether all of the refractions were reméweatherent events
just belowthe mute could also contain refraction events. Nonetheless, to refrain from
removing possible reflection data, the remaining coherent signals were left irtact.
possibility of these events consisting of refractions will be kept in mind during

interpretdion.
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Fig. 2.31 Shot gather 80 with a0® ms AGC windowapplied(left). Same shot gathevith the
top mute applied (middjeEffect of tope mute is shown at right-axis represents traces from 1
to 120 and the-pxis denotes time from 0 to 1 s. Amplitude spectrum at bottom varies in range.

To further increase the S/M,frequencywave number (k) filter was applied.
The fk filter was designed to remove coherent signals up to &@utm/s as the &k
mute region in k. 2.32shows. Tls particular velocity was chosen because most of the
ground roll resides in this range, whereas reflection sigmalst a much higher vetity.
Although £k filters may generate linear coherent signals,-&rfilter was applicable in
this study because very little noise existed in the same spatial orientation as the
reflections and the ground roll was fairly coheréiso, the fk filter was designed to be
fairly gentleto refrain from causinthe dataol o o k A Wlefilterywasceffective in
removing much of the linear coherent noise residing in the noisedeent ground roll

and airblast, as Fig. 2.38emonstrates.
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Fig. 2.32 F-k spectrum of shot gather 60 frokteteor Craterseismic line Rk mute regionis
symmetrical about the origin and is limitedaioout500 m/s.
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Fig. 2.33 Shot gather 60 with a0® ms AGC window (lejt Same shot gathevith the fk filter
applied (middl¢ Data removed by thf-k filter is shown at right. Xaxis represents traces from 1
to 120 and the-pxis denotes time from 0 to 1 s. Amplitude spectrum at bottom varies in range.

After increasng the S/N with the various aforementionfdters, the data were

then CMP sorted and analyzed for subsurfamenal moveout (NMO) velocities To do
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SO, numerous constant velocity stacksV(®s) were first createto gain a sense of
appropriate velocities to image mdtors in the subsurface. Fig.34 shows CVSs at
1500, 2000, and 2500 misis clearfrom the fgurethat a 2000 m/s CVS shows several
possible reflectors in the nesurface bestNext, a semblance plot armbmmon offset
stackswere created. ®locities were then picked utilizirthe information obtained from
the refraction analysisthe CVS stacksand previous published works (Krind2007;
Roddy 197§. After picking NMO velocities everg0 CMPs, an initial velocity structure
of the subsurface along the length of the seismic éimerged Kig. 2.35. An initial
examination of the NMO velocity structure shows an increase in velocity lgtinto
right, in agreement wittAckermann and Godsofi975) A 30% stretch mute was then
applied to the NM&orrected CMP gathers arttiey were thenCMP-stacked.To
increase the coherency of the stacked section,8@& ms frequencydistance (#x)
deconvolution operator was appliddiext, a 36120 Hz banepass filter was implemented
to remove any final low and high frequency noise and artifie@sisling in the section.

Fig. 2.36shows the stacked section after decon and banpass filtering.
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Fig. 2.34 Constant velocity stacks: 1500 m/s (left), 2000 m/s (middle), and 2500 m/s (Xght).
axis represents CMPs4B0 and time is along theaxis from 0to 1 s.

Fig. 2.35 NMO velocity structure of the Meteor Crater seismic line based on velocity anlysis.
Velocity along the yaxis ranges from 1000 to 5000 m/s. CMPs along thgix ranggrom 1 to
451.
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Fig. 2.36 Brute sack of Meteor Crater seismic data after decon and bangass filtering.The
lateral distance is 658 m (67 CMPs roughly equal 100 m).

To collapse diffractions and increase lateral resolutiopoststack Kirchofftime
migration was appliedAfter trial and error, a migratioaperture of 15 nwas utilitzed
over the entire sectioand the same veldy structure that is shown inid: 2.35 was
used Finally, the data we truncated to 500 m® focus on thealiscerniblereflectors.
The finalmigrated and truncated time sectisrshown in kg. 2.37. An interpretation of

the seismic data is carried out in the following section.
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Fig. 2.37 Poststack Kirchoff time migrated sectimi Meteor Crater seismigurvey.

2.6. Interpretation

Since thamigrated seismic section shown ilgF2.37is more poorly imagethan
the CMP stacked section sk in Hg. 2.36 the simple stacked section was used for
interpretation.It is not surprising that migration hasduced the quality of the seismic
datad a very complex subsurface such as at Meteor Crater needs a respectivégxcomp
velocity structureto migrate the image properly. In this case, only a simplecitglo
model as the one shown iigF2.35could beobtaned Fig. 2.38shows the CMP staekl
sectionafter applying a median filter to attenuate noise. Thebiedk amplitude color
paletteis usedo better resolvéhereflections, which are numerous between 100 ms and

300 ms, although possible coherent retfhes are visibleipto 500 ms.
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Fig. 2.38 CMP stack of Meteor Crater seismic data after noise attenudtiom.yaxis ranges
from 0 to 1000 ms and theaxis ranges from 0 to 440 CMPs (or 66Q m)

Before any interpretation of the data can take placayever, it must first be
mentioned thiathe seismic section shown imgF2.38 may contain refractions along with
reflections. Although certaisteps have been takém mitigate this problemtgp mue,
low-cut frequency filter LMO filtering, etc), the possibility remains that several of the
top fdioned | ace i nonsf Nooethelessthd interpretation of the seismic
section was made under the assumption that all coherentissigglaw 100 ms are

reflections With that in mind, the semic data weranalyzed and interpreted.

The seismic section shows several-Bobizontal reflections around 1D0Oms,
which seemto be dipping slightly to the north (leftowards the crater), in agreement
with the deptko-time converted simple synthetmodel of the crater shawn Fig. 2.11
Thus, the dip of the beds is not real, but rather a result of the subsurface velocity

structure.The lower reflections also have a similar charac#hough they seem to be

52



more fragmented and disjointeghossibly implying a more complex subsurface.
However, it must be remembered that deeper reflectors tend to be more poorly imaged
because of energy losses associated with transmissisorption and reflection In
addition, the area between CMPs 230 888 & 200 ms and beyongseems to have very

low resolution. Although this phenomenon could be dusaime complex structure, it

may likely be the result of low CMP fold (Fig. 2)1due to acquisition design.

The depth of penetration seems to be greatesndrCMP 100, where reflections
up to 400 s are well imaged. Further alotite line, reflections can only be made out to
about 300 msThe resuls arecounterintuitive since thejectalayer is thickestand the
formations are expected to be most brecciated and distumedthe crater rignand
therefore most poorly imaged. Thus, it is likely that the depth of penetration is also due to
the CMP foldas a result of the acquisition design. Indeed, thet@gteaubsurface fold is
at CMP 120, where reflemts are imaged to 400 ms, and least at CMP 250, wthere

deepest reflection can be seen only at about 25Fims2.17)

A structural interpretation of the stask seismic section is shown ingF2.39
Four prominent horizons were picked along the peaks of 4 reflections. The horizons were
picked based upon timehigh amplitude, coherency, and extehtis uncertain what
lithologic contacts theyepresentwithout a synthetic tie from a nearlffset well,
although horizon 1 could represehe Kaibab/Coconino, horizontde Coconino/Supai,
and horizons 2 and idtra-formational heterogeneities within the Coconifaults were
also interpreted on the seismic section. The solid black linessesgréaults interpreted

from anomalies within the refractioanalysisand discontinuous reflectionwithin the
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stackedseismicsection The dotted black lines represent faults interpreted only on the
stacked seismic sectiomhere discontinuities seem prasdt is uncertain whether the
faults are reverse, as one would expect in a compressional enviroomantnal, due to

slumping@ the resolution of the seismic data is simply too.low
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Fig. 2.39 An interpretation of the Meteor Crater seismic section shown in Fig. 2.37
y-axis ranges from 0 to 1000 ms and thaxis ranges from 0 to 440 CMPs (or 660 m).




2.7 Discussion/Conclusions

The results of the first reflectioseismic study at MeteoCrater indicate
numerous nearly flaying reflectors intersected by a number of fadtsot unlike
previous geologic and geophysical work of the astrobleme (Kring, 28GApugh the
bedssurrounding Meteor Crater are actually dipping away from the crater, the reflections
seem to be dipping towards (north), an indication of lower velocities angreater
thicknessof fractured/brecciated roakear thecraterrim, as expected_ow cohereng of
reflectionswas taken as a sign of possible complex deformatidihpugh inconsistent
CMP fold coverageauld hawe alsobeen a factor. Sincehe expected faults in the near
surface arat, or below, the limit of theesolution of theseismicdatg sésmic refraction

analysis was used in conjunction wittereflectionresultsto better define them.

Although usefulinformation regarding the astrobletne st ruct ur e was
this study,it has also served as a learning experience for future seismic investigations at
Meteor Crater and elsewherhe extreme structural complexity and thejkcta blanket
in the nearsurfacehave createchn unfavorable environment for seismic acquisition,
resulting in low quality (low S/N and low frequency) data. To mitigate these problems in
future seismic surveys, several recommendations have been proposed.

Lowestquality seismic data adten obtained in areas where the weathering zone
(or ejecta layer)s low in moisture, thick, and coagrained (Hunter et al., 1984). Since
the narsurface at Meteor Crataccommodatethese criteriait should not be surprising
that the data quality of this survey is also low. The reésotihe lack of high frequees

is mainly due to a low @actor of the ejecta blanket, which causes high frequency waves
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to attenuate more quickly. However, other reasons that may have contributed to the poor
quality of the data include poor geophone couplw@dy conditions, sugce noise,
ground roll, aweak sourcea complex subsurface, eof-plane reflectionslow fold, and

low-frequency geophones.

Numerous authors have recommended the use offteghency geophones over
their lower frequency counterparts (Doornenball andoldel1983 Steeples and Miller,
1998; Hunter et al., 1984). Many of these raaface studies have typically used XD
Hz geophoneso strongly discriminate against surface waves and allow-ofésats to
properly recordnearsurfacereflections suchas the ejeta blanket/Moenkopi reflector.
Although theoretically there should be no differenmtelata qualitybetweenfrequency
filtered low-frequency geophone datnd unfiltered higher frequency geophe data
Doornenball and Helbigl983)have conclude that the former arsignificantly inferior
to the latter Thus, it may be worthwhile to acquire future seismic data at Meteor Crater

with higher frequency receivers if understanding the very-sgdace is an objective.

Although using higHrequency geophones may sound counterintuitive since
higher frequenciesareattenuateanorequickly in such an environmerd, more powerful
source, such as a vibroseis truck (vibe), may be the angweecording deeper
reflections.A recent study conducted at thai\dersity of Houstorhas shown a dramatic
improvement irdata quality and depth of penetratiwwhen avibe sourceis usedverthe
AWD system(Appendix B) Since the vibe, like the AWD, is a nalestructive source, it

can be easily applied in future seismstudies at Meteor Cratetf the depth of
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investigation is the very neaurface,an impulse source such as a shotmay prove to

be useful.

In addition to a more powerful source, burying geophones several feet
underground could also increase the quabit the acquired data. Although timeand
laborintensive, the increase in geophone coupling, decrease in-tiraeebf seismic
waves through the attenuative ejecta blanket, and reduction in exposure to the elements

could well be worth the extra effort

Lastly, the complexity of the neaurfacemay also be partly responsitiar the
poor data quality. If the gedy were layercakelike, outof-plane reflections would be
nonexistent and reflections would be maaherent However, since the object of $hi
study is to inmge a complex neaurface, it is recommended thaD3data be acquired in
the future. Although more expensive and difftcto acquire and processjde- or full-
azimuth 3D data wouldcreate a true image of the subsurfacepvalig for proper
interpretation. Such data would also be useful in analyzing fractdoeed anisotropy,
which would broaden our understanding of tbke of pre-impact joint sets on thehape

of the astrobleme.
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Chapter 3

Meteor Crater, AZ0 Potential Field Methods

3.1 The Gravity Method
3.1.1 Acquisition

The gravity surveyat Meteor Crateconsistsof 5 sem@rate lines in the southern
portion of the crater rim, including a line alotige main SSE seismic line (Fig.1). It is
important to note here thaine 1 of the gravity survey (along the SSE seismic line)
begins 90 m before the start of thé&/D seismic line. Thus, 0 m along the seismic line is
actually 90 m along the gravity line. This conversion must be kept in mind when
comparing the two data setsach line consists a variable mmber of gravity stations.

The station spacing, measured via a tape measure, remained constant throughout the
survey at 30 mAt each station, 8or 2) readingsof 60 scdurationwere recordedTwo
readings were obtained at each station after Line 1 in order to save acquisition time.
Because of time constraints, a base reading was taken only at the beginning and end of
each dayto account for insument drift Spatial measurements at eadhtisn were
obtained fronGPS andLiDAR data as discussed earli@he reader is referred table 1

in Appendix Cfor a complete list of station locatigntime/date of acquisition, gravity
reading, etc. Fig. 3.2 shows a gravityneasurement at a station alobgpe 1 of the

survey.
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Fig. 3.1 ShadedLiDAR data image of southeastern portion dfieteor Crater.Green dots
represent gravity station locations, whate separated into 5 individuales (as annotatedRed
line represents extent of AWD seismic litdnits are arbitrary and relate to amount of shading.
Not that the gravity line starts 90 m before the beginning of the seismic line.

Fig. 3.2 Photo of Scintrex C& relative gravimeter (gray box in foreground) at a gravity station
at Meteor CrateRim of crater is in backgroun@hoto courtesy of Eray Kocel)
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3.1.2 Processing

To isolate the gravitational signals from the rearface a standard processing
workflow was undertakern(Fig. 3.3). Before any othe processing steps ingk3.3 could
be undertaken, however, several preprocessing steps fwsreimplemented. Te
standard deviation of the three readings at each station was calculated as a quality check
to make sure that the readingere preciseNext, the three separate readirajseach
station were averaged into a single reading and output for that particular shtibrs.
point, the latitude, longitude, and elevation of each station were also entered into the

spreadseet for later processing

DATA PROCESSING STEPS

GRAVITY MEASUREMENTS |

|

Temp oral Corrections
i DRIFT ‘

FREE AIR [~ Free Air Anomaly

BOUGUER } ~» Simple Bouguer Anomaly

TERRAIN

l

Bouguer Anomaly

Spatial Corrections

Fig. 3.3. Workflow used inprocessingMeteor Crateigravity data(Dr. Stuart Hal | 6 s Spri ng
Geol 7330 course, University of Houston)
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Althoughthe first step in the workflowsithe tidal correctiorthis processing step
was automaticallyalculatedby the gravimeter at the time the data were colledteat,
the instrument drift was compensated through a linear drift correaheoe daily base
stations wer@nly occupiedat t he begi nning and end of ea
reading was themodified appropriately based on ttie of measurement amblift rate
Although the maximum drift correction was about 0.09 mGal for a single station, the
average absolute drift correction for the entire survey®@25 mGal, which is near the
resolutionof the field data gee sectiorl.2). Also, because the drift corrections were

linear, thecharacter of the gravity field along the lines wasentiallypreserved.

The remaining processing steps in the workflow, known as spatial corrections,
relate to the position of each gravity statiobhe first, the latitude correction, was
calculated bysimply usi ng t he s tha tnternatiohad GraviytForinwad e i n

(IGF):

1+ 0.00193185138639sin’ 1
\/1 —0.00669437999013sin* A4

g, =9.7803267714

Wheregp= | at i tude correction anddegeeessTh&E o0 gr aph
latitude correction wathen subtracted from the observed value at each station to correct

for differences in latitude. Since thetendedaccuracy of thesurvey is0.01 mGal, the

latitude accuracyeeded to be withia0 m, which is well wthin the accuracy of the GPS

unit.
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After the latitude correction, the gravity data were then corrected for changes in
elevation, known as the free air correcti@n average,he gravitational field of the
Earth decreases by 0.3086 mGal for every matiere sea levelThus,to maintain an
accuracy of 0.01 mGal, the elevation of each station needed to be known to within £ 3
cm. Since the LIDAR data has an accuracyabbutt 5 cm, the free air correctiatself
is then only acurate to within 0.0D.02 mGal Nonethelessthe accuracys still well
below the expected changes i thravity field thatmay resultfrom geologic structure
in the subsurfaceThus with the datum fixed at mean sea levdie data were
compensated for thé&ee air correctionsaccordingly Although most of the gravity
stations were covered by the LIDAR data, several stations near the rinwereshot,
namely station 1 of Line 1 and station 8 ané 2 These stations were not corrected for

elevation variations, and were thust incluced in further processing steps.

The next gep in the processing workflow wahe Bouguer aoection, which took
into account the additional gravitational attraction of material betweest#tiens and
mean sea levelFor the Bouguer correction to be effective, an average density of the
material between the highest and lowest stati@tsto beknown A density 0f2.3 g/cc
was chosembased on average dry bulk deiesibf 2.28 g/ccand 2.29 g/cobtained from
shallow drill core holes MCC-3 and MCC-4, respectively, in the vicinity of Meteor
Crater (Kring, 2007) The gravitational attraction that was subtracted from the free air

anomaly was based on an infinite planar slab of thickness imgterg and densit

(g/cc):

OBouguer= ZIOJ.h 004193Jh (mG
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Although most srveys with litte topogrghic relief end as simple Bouguer
anomalies, m additional step, kmwn as the terrain correction, was included in this study
This was donébecausethe topography along the survey swhighly variableand the
gravitational effects of the surrounding terrain do not conform to a uniformists®ed,
previousgravity studiesof Meteor Cratethavealsoincluded terrain corrections (Regan
and Hinze 1975 Harding, 1954) Although <veral methods, such as the Hammer
method have been deveped for such purposes, theéine-consuming naturand the fact
that these corrections have already been calculated for Meteor Cratpramious study
(Reganand Hinze 1975) has made their utility uecessary. Instea@n interpolation
from Regan and HprevibuslylcubtBtérnain cotreations wassed
to save time and effo(to do so, the same Bouguer correction was used as in Regan and
Hinze, 1975) This terrain correctionisaaond i f i cati on of Kaneds (1
employs prisms of a segment of an annular ring to approximate the gravitational
attrection (Regan and Hinze, 1979)he reader is referred to Regan and Hinze (1975) for

a more complete description.

Fig. 3.4 shows a30% transparensplineinterpolated terrain correctiomap of
Met eor Cr ater f r dl975Rargracorredionsverldid om roe @ the
LIDAR elevation data maftation | ocat i ons f ramdthos&kfeomthin 6 s st
studyare in green angellow, respectivelyBecause the interpolated terrain correction
decreases in a concentric manner from the center of the @atexpectednd is similar
to the result®btained by Regaand Hinze the author is confident that these interpolated

valuesare fairly accurate and representative of the true terrain corrections. After the
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appropriate terrain corrections were added to the simple Bouguer anomalgntpiete
Bouguer anomaly was tdined and the gravity pcessing was complet&ig. 3.5 shows

the @mplete Bougueanomaly of Line 1.

Fig. 3.4 A transparent splinenterpolated terrain cogction map of Meteor Crater overlaid on top
of the LIDAR datamap St ati on | ocat i on shosé fromtms dRudygagen 6 s st
shownin green and yellow, respectively. The contour interval is 0.5 mGal.
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Meteor Crater Complete Bouguer Anomaly (Line 1)
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Fig. 3.5 Complete Bouguer Anomaly ddeteor Crater gravity ine 1.

It is clear from k. 3.5that a mistie is present at 390 m alongne 1 and is not
representative of the true subsurface geology. This anomaly is the reagjtavimeter
malfunctian atthe beginning of thesecond day of acquisition along the same line. As a
result, gravity measurements stations 15 and 16 ofihe 1 were very variable and
contain large standard deviations, meaning that the data are neither precise nor accurate.

This problem is resolvkin the next section after anomaly separation.

3.1.3Interpretation

The purpose of interpreting gravity data from wavey is to isolate only the
signals related to density changes in the subsurface that are of interest, while removing all

other frequenes from thecomposite signaBecause this gravity study is only interested
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in the neatsurface the goal wa toremove all longwavelength signalsor the regional
gradient while preserving the shorter wavelengtfiesidual signgl This process is

known as anomaly separation.

To calculate the regional gradientpestfit 2" order polynomialwas calculated
using data obtained from Regamnd Hi nze ds 19 7data settwaduged t he
because of t he Sdcandogdér polyhomialgy were ealculaead tfrom
stations along the 18 and EW lines that were fafrom the crater rim (Fig3.6). These
regiona latitudinal and longitudinal trends were then subtraétech stationsalong this
surveyto obtain a residual anomaly pertaining talkbw density changes. Fig.7 shows

theresidual anomaly of ibe 1.
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Fig. 3.6 North-south (top) and eastest (bottom) regional gradients at Meteor Crater, Arizona
(from Regan and Hinze,1975)
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Meteor Crater Residual Gravity Anomaly (Line 1)
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Fig. 3.7. Meteor Cragr residual gravity anomaly ofihe 1

After obtaining the residual gravity anomaly, the 1tiés problem wasthen
resolved. Since the processsismic line does not show any indication of a lagggtfor
other structural anomalied the location of the miie, the two data sets were merged by
simply decreasig the gravity field of the latter half of the line v@adatum shift of 1
mGal and the interpolating the spurious gravity reading at station location 390 m.
Although the method is not very precise nor scientific, it is the best that can be done to

salvage the entire lind@he resuls of this simple data manipulati@re shown in ig§. 3.8
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Meteor Crater Line 1 Residual Gravity Anomaly
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Fig. 3.8.Meteor Crater residuakgvity anomaly of ine 1 after resolvinghe mis-tie problem.

The overall trendf the gravity line seems tbecreas at first, then increas, and
finally decrease at the tail en@io testfor an extensive densitgnomaly that could be
responsible for such a gravity respontbe other twaadiallines (2 and 4) were tied to
Line 1 via common stationalong Lines 3 and 4. A three lines werehen graphed
alongside each othavith respect to distance from the cendérthe crater as defined in
Fig. 2.5 (Fig. 3.9) The results show a depression and then rise in the gravity field along
the other two lineas wel| similar to Line 1 (line 4 was shoer and no data exist beyond
420m). This may bendicative ofa concentricstructurepresent along the southern rim
such asa graberike depression due to faultinp fact, the residual gravity anomaly of

the southeast linefromBean and Hi nzebs 1tendSeensintHgd3® supp

(Fig. 3.10).
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Meteor Crater Residual Gravity Anomalies (Lines 1, 2, & 4)
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Fig. 3.9. Gravity vs. distance plot e&sidual gavity anomalies of radialihes 1, 2, and 4.
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Fig 3.11 shows a transparent natural neighbor interpolation of the three gravity
lines superimposed on the DEM. Apparent lows and highs are denoted. The figure shows
a relative low at about 200 m from the crater rim along the three lines. The low then
becanes a high where the topography increases and outcrops are seen at the surface. This
concentric change in the gravity field could either be the result of the topography itself
(through an inaccurat@ouguer otterrain correctionpr could be a functionf subsurface
structure that haslso had an effect on the surface topography. To better test this
hypothesis, more radial gravity lines around the crater and a more accurate terrain

correction are needed.

Fig. 3.11 Transparent natural neighbor gravitgterpolation of radial lines 1, 2, and 4
superimposed otihe DEM of the southern rim at Meteor Crater.
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After anomaly separation amthta manipulationknowledge of the surrounding
geology was utilized in creating a simple forakanodelof the subsurface (Fig. 3.12
The figure consists of the model (bottom), the gravitational field resulting from the model
(solid black line), and the actual acquired gravity data (black dots). model was
constructed from previous geologic studmfsthe crater(Kring, 2007 Roddy et al.,
1975. From top to bottom, the layers consist of the ejecta btattke Moenkopiand the
Kaibabformations.The model densities of these respective lgyasined from Roddy
(1978),are 2.0, 2.27,and 2.28j/cc. The deeper layers are not modeled because of their

insignificanteffect onthe short wavelength gravity field.

Start of AWD line

. .- Ejectirﬁ*ﬁ“ O
B2 i35
Moenkopi 5 57 Blecm

Kaibab 2.28 g/cc

Fig. 3.12 Simple forwardgravity model of the subsurfaceimilar to the model in Fig.2.8. Solid
black and dotted lines represent travity response from the model and actual acquired gravity
data from the field, respectively.

The character of thgravitational field resulting from the model (solid black line)
is in close agreement with the acquired field data (black datd)ough te gravity

misfit between theacquired data and model is 0.1#%5al, or a quarter of the total
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change in the gravityhe disparitie®ccur mainlyat the beginning and end of the gravity
line. These differences could be the result of a variety of factockjding inaccurate
subsurface structure, poor density cohtrmproper terrain or Bouguer correctgrand
3-D changesn the subsurface structure that areabk to be captured biype 2D model
Indeed, since the survey is a singk® 2ine, the models created undathe assumption
that the subsurfacalong strike(perpendicular to the survey line) is unchanging. This

assumption, of course, is flawed.

Evidence fromseismicdatain Sectiors 2.5 and 2.6suggesthat a faultmay be
presentat 340 m along the gravity surveylhe refraction data indicate thatnitay bea
normal fault with a largeelocity (and thereforeensity contrast across ihe modeled
gravity responsdestfits the actual gravity datat 349 m with a normal fault of 10 m
throw, asis shown in Fig. 3.12However, the density contrast may be too small to

properly resolve the feature using the gravity method.

There are several other areas wherentioeleled gravitational respondees not
fit the acquired data, such as2@ m, where a decrease of almost m®al is recorded.
This anomaly could beu# to a more complex structuassociated with the faudit 340
m. There is also disagreemt between the modeled and acquigealvity databetween
300 m and 48 md the actual gravityiéld is about 0.2 mGal greater. This disparity is
most likely the result of an improper terrain correction that does not take into
consideration the structuraldhi in the vicinity of the 30@50 m stations A similar
premisecould explain the disparitiest the beginning and end of the survey, where large

elevation changes occur.
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Fig. 3.13 showsthe same model akig. 3.12 except with thesurrounding
topographical high at ® mincludedas if the surveygrossedoverit. It also includes a
higher topography at the beginninfsurvey to simulate the surroundingater rim.The
large disparity between the model and actual gravity field at the end of the laisois
likely due to topography, although it could not be modedeoperly.The figure shows
that there is a strong relationship between the surface topography and resultant
gravitaional fieldd a possible indication of ammproper terrainor Bouguer correctian
The difference between the modeled andga@red gravity a@ta in Fig. 3.12Zould also be
due to structural changes in the subsurfacehe orthogonal direction that are not
captured in a -D model.Regardless,hie limitations of a single -D gravity surveyare

quite obvious.

Gravity
mGal

0 0.1 02 03 04 05 06 m

Start of AWD line
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RO e ol DA H oz 0 2

Moenkopi'z.z'?’g/cc

Kaibab 2.28g/cc

Fig. 3.13. Simple forwardgravity model of the subsurfacsimilar to the model in Fig.B2. Solid

and dotted black lines represent the gravity response from the model and actual acquired gravity
data from tle field, respectively. The misflietween the two is 0.14 mGalhe model differs

from Fig. 3.12through a higher topography at the crater rim and at 370 m.
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One way to eliminate the processing problems associated with the Bouguer and
terrain correctionss to simply end data processing and interpretation withftbe air
anomaly Fig. 3.14 shows thefree air gravity responsef the forward model in Fig.

3.1 the background density of air is O g/¢excluding the beginning of the line, the
character of the gravity response of the model (solid black line) is in good agreement
with the aquiredfree air anomaly data. The differenicetween the actual and deled

free air gravity data is 0.31 mGal, or about -teath of the gravity change along the
length of the surveyAlthough the initial results seem encouraging, it quickly becomes
obvious that the modelednd actual free air anomaly addrectly related to the
topography of the survéythe greatest density change, and therefoagitationaleffect,

occurs at the intéace between the surface and &ecause the topographical effects
overwhelm the smallescale masperturbationsthe free air anomaly igeffective in

accuratelycharacterizing small scale subsurface featuagsvas expected.
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Fig. 3.14. Simple forward free air gravitymodel of the subsurfacesimilar to the model in
Fig.3.12 Solid and dotted black lines represent the free air gravity response from the model and
acquired gravity dataespectively. The gravity misfis 0.31 mGal.
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Although thecharacter of the modadl gravity response in Fig. 3.12atches the
acquired gravity field fairly well, the model may still be incorrect because of the non
unigue nature of gravity datén fact, the model in Fig. 3.1@iffers from the subsurface
velocity nodel shown in Fig. 2.24, even though a relation between density and velocity is
known (Gardner, 1974). Using the Gardner equation as a guide, a sémavatd model
was created usg the velocity modeh Fig. 2.24(Fig. 3.15. The assumpoin behind the
model is that brecciation of the bedrock decreases with distance from the crater rim,
leading to grater velocitie@nd thereforedensities. As is clearly evidente gravity
misfit between the model response and the acquiredsigtate brge at 0.28 @Bald the
greatest disparity occurs at the beginning of the line, where the elevatiore ghangst
abrupt. Because afumerous flaws that could have affected the acquired gravity line
(improper Bouguer density, terrain correction, and line tie) and theudliy in building
an accurate model (structurally complex subsurface, lack of density well logB a 3
environment, etc.), it is not certain whethlee gravity misfitin Fig. 3.15is the result of
improper data processir{ge. the residual gravity anaty is inaccuratedr the model is
an inaccurate representatiohthe subsurfacé.e. density is not closely associated with
velocity in this areg)or both As is often the case, more data are needed to better

constrain the rock properties and modelghbsurface.
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Fig. 3.15. A simple subsurface density model based on the velocity model shown in Fig. 2.24.
Solid black and dotted lines represent the gravity response from the model and the acquired
gravity datarespectively. The gravity misfis 0.28 mGal.

3.2 The Magnetic Method

3.2.1 Acquisition

The magnetic survey was conducted in conjunction with the gravity survey at
Meteor CraterThe magnetisurvey consists of 4 lines witltations at identical locations
to 4 of the gravity ihes (Fig. 3.16). The fifth line was not acquired because of time
constraints.The magnetometer used acquiring the datavas a Geometrics 856AX
proton pocession magnetometer, nmed on a 2 meter pol® avoid any magnetic
distortions related to metallicebhris on the surfacelhe station spacinglike in the
gravity surveywas 30 m and 3 separate magnetic field readings aleodaken at each
station The latitude, longitude, and elevation of each station remained the same as from

the gravity survey.The date and time of each observation wea¢so recorded for
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