PAGE  
12

Slave-Northern Cordillera Refraction Experiment (SNORE’97):
Field Acquisition and Preliminary Data Processing Report
Principal Investigators:

R M Clowes and R M Ellis
Department of Earth and Ocean Sciences 
University of British Columbia

Vancouver, BC  V6T 1Z4
and
G D Spence
School of Earth and Ocean Sciences
University of Victoria
Victoria, BC  V8W 2Y2
Other Major Contributors:

I Asudeh
Geological Survey of Canada
Ottawa, ON  K1A 0Y3
Z Hajnal
Department of Geology and Geophysics
University of Saskatchewan
Saskatoon, SK  S7N 0W0

J R Amor

Department of Earth and Ocean Sciences

University of British Columbia

Vancouver, BC V6T 1Z4
July 2002

Citation Reference:

Ellis, R.M., R.M. Clowes, G.D. Spence, I. Asudeh, Z. Hajnal and J.R. Amor, 2002. Slave-Northern Cordillera Refraction Experiment (SNORE’97): Field Acquisition and Preliminary Data Processing Report.  LITHOPROBE Report No. 83, 14 pp, 10 apps.
Executive Summary

In August-September 1997, SNoRE’97, the refraction/wide-angle reflection component of the Lithoprobe SNORCLE Transect, was carried out through the combined efforts of university and government scientific groups. This document reports on this field program and the excellent data set acquired and is intended to accompany the electronic data set filed in the Lithoprobe data archive and with the Iris Data Management Center.

To assist future users of the data, this document provides the scientific setting and the objectives of the experiment, the field procedures and parameters, the post-experiment preprocessing of the data and the formats in which it is stored. Further, to enable an initial evaluation of the data, all vertical component and selected horizontal sections are displayed. 

To assist the planners of future experiments, the manpower requirements and a summary of the budget for SNORE’97 are also provided.

1.
Introduction

SNORE’97 is the seismic refraction/wide-angle reflection (R/WAR) component of Lithoprobe’s Slave-Northern Cordillera Lithospheric Evolution (SNORCLE) transect. The eastern-most component is within the Slave geological province of the Northwest Territories  (Figure 1) within which the oldest known rocks (~4.0 Ga) are found. The transect extends westward through the Yukon and northern British Columbia where progressively younger rocks and structures resulting from accretionary and transpressional processes continue to the present day and record the westward growth of the North American continent. 

Clowes (1997) has pointed out that the questions being addressed within the SNORCLE Transect, from Archean to Cenozoic crustal evolution, provide an exceptional opportunity for results of global significance. Some of these questions are:

· What kind of deep crust and mantle underlie the oldest rocks on Earth?

· Is the tectonic style of Early Archean protocontinental nuclei unique?

· How have 4 Ga cratons been modified since the Archean?

· Are deep structural and stratigraphic characteristics of Proterozoic orogens fundamentally different from those of Phanerozoic orogens and if so, why?

· How have deep Precambrian structures been significant in controlling the stratigraphic and structural evolution of Phanerozoic orogens?

· Why is the 2,500 km-long foreland basin of the Cordilleran Orogen much more extensive, both areal and vertically, in the south (Alberta) than in the north (northwestern Canada)?

· Why do inter-related tectonic characteristics of the Canadian Cordillera, such as lithospheric extension, intracontinental slip and amount of contraction toward the craton, change south to north?

· How were outboard Cordilleran terranes assembled to produce the present distribution of exotic elements enveloped by terranes of apparent North American affinity?

To address these and other questions, the transect has been divided into three corridors:  Corridor 1 in the NWT addresses the region between exposed rocks of the Slave Province in the east and the thrust front of the northern Cordillera in the west; Corridor 2 in northern B.C. is concerned with the foreland basin and Proterozoic-Paleozoic miogeocline west of the Cordilleran deformation front and within the Cordillera; and Corridor 3 in the Yukon extends from deformed rocks of the Proterozoic-Paleozoic miogeocline in the Selwyn Basin of the Mackenzie Mountains into accreted terranes that were emplaced above, or adjacent to, ancestral North American crust.


1.1
Regional Tectonic Setting

Until the initiation of SNORCLE, few ground-based geophysical studies had been conducted in this region of Canada. Thus, prior to 1997, our understanding of the region was primarily based on geological studies, airborne magnetics and in the area west of the shield wells drilled to the Precambrian. A geotectonic overview of the transect, primarily extracted from Clowes (1997), is as follows.

The geological evolution began with the formation of continental nuclei, the Slave and Rae cratons (Figure 1), between about 4 Ga and 3 Ga (Bowring et al. 1989).  Subsequent westward growth of the continent through a series of extension – ocean basin formation – accretion episodes resulted in north-striking orogenic belts between the oldest rocks and the Pacific Ocean. Within the transect area, these include the Wopmay Orogen (broadly the Great Bear to Fort Simpson terranes), the Racklan Orogen (beneath Phanerozoic cover), and the Cordilleran Orogen subdivided into eastern (or foreland) and western (accreted) components.

The geological elements of the Slave Province crossed in Corridor 1 are representative of Archean cratons worldwide. The Contwoyto terrane is a granite greenstone terrane to the west of which lies the Sleepy Dragon Complex, a gneissic basement of continental affinity. The boundary between them probably represents a major east-dipping Archean terrane boundary. On the western side of the Sleepy Dragon Complex lies the Yellowknife domain, a complete metamorphosed supracrustal basin with the transition either a primary “basement-basinal” transition or a structural boundary such as a thrust or thrust reactivated as an extensional fault. The Yellowknife greenstone belt, the origin of which is unclear, is separated from the Yellowknife domain by a boundary that may have been an Archean left-lateral transpression feature modified by a Proterozoic strike-slip fault. The Anton terrane is the oldest known sialic crust. Its boundary with the Yellowknife greenstone belt is either an original rifted margin or a major thrust contact modified by intrusion. Investigation of these geological elements and the processes that shaped their boundaries are a major component of Corridor 1 investigations.

Flanking the Slave Province on its west is a series of Paleoproterozoic accreted terranes and magmatic arcs, collectively referred to as the Wopmay Orogen. From east to west, these are the Great Bear calc-alkaline magmatic arc, Hottah accreted arc terrane, Fort Simpson magmatic arc and the enigmatic Nahanni terrane (buried beneath the Phanerozoic cover). With the exception of the latter unit, major features can be followed southward in the subsurface on the basis of potential field data (e.g. Hoffman 1987). To the west of the shield, the surface geological characteristics are well known and are supplemented by a number of wells which penetrate to the Precambrian and thus help constrain the Mesoproterozoic contractional orogen, possibly a component of the Racklan Orogen in the northern Cordillera, which is buried beneath the Phanerozoic cover. However seismic studies are required to constrain the geometric relationships of the Proterozoic units at depth.

In the Mesoproterozoic (1500 Ma) the western margin of ancestral North America developed into a rifted margin and was overlain by a passive margin miogeoclinal sequence that spanned geological time from the Mesoproterozoic until the Middle Devonian (380 Ma) (Monger and Price 1979; Gabrielse and Yorath 1992). The five geomorphological belts of the Canadian Cordillera resulted from two major accretionary episodes (Gabrielse et al. 1992). In the early Jurassic, the Intermontane superterrane (Stikinia, Cache Creek, Quesnellia, Slide Mountain and Cassiar terranes) was thrust eastward over North America, at the same time folding, upthrusting and moving the passive margin sequences eastward to form the Foreland Belt.  The Omineca Belt represents the suture zone of this collision and straddles autochthonous terranes to the east in the Foreland Belt and allocthonous terranes to the west in the Intermontane Belt. During the mid-Cretaceous, the exotic Insular superterrane of the Insular Belt (Alexander and Wrangellia terranes) collided with North America, further deforming the Intermontane terranes.  The Coast Belt is the granitic and high-grade metamorphic zone linking the superterranes (Monger et al. 1982). 

The Tintina Fault, a Late Cretaceous to Oligocene structure, defines the boundary between the Foreland Belt and the Omineca Belt in northern British Columbia-southern Yukon. The fault has been interpreted as a crustal-scale intracontinental transform fault based on its unusual continuity and the juxtaposition of crust with distinct physical properties (Roddick 1967; Lowe et al. 1994). The extent and timing of right-lateral displacement have been topics of great debate with estimates based on geological evidence ranging from 450 km to greater than 1000 km in the mid to Late Cretaceous (Tempelman-Kluit et al. 1976; Price and Carmichael 1986; Gabrielse 1985), and with estimates based on paleomagnetic evidence ranging from 650 km to more than 1000 km since the Late Cretaceous (Irving et al. 1996). More recent geological evidence supports 420 km of displacement during the Early Paleogene (Jackson and Mortensen 2000). The exact location of the fault at the Yukon/BC border remains controversial as drift cover sediments of the Liard Plain mask its surface expression.

1.2 SNORE’97

Clowes (1997) has clearly stated the objectives of this experiment. Its primary purposes are a determination of the velocity structure of the crustal and sub-crustal lithospheric mantle of the tectonic elements crossed by the profiles in the three SNORCLE corridors and relationship of the results to the coincident seismic reflection, magnetotelluric and other geophysical and geological data to better define the current tectonic structure of these domains. The experimental results will provide (i) a near-continuous velocity structural cross-section of the lithosphere from the westernmost Archean Slave craton to the young accreted crust of the Cenozoic western Cordillera; (ii) an indication of the lateral variability of crustal structure along strike in the northern Cordillera; (iii) a direct tie with ACCRETE, an NSF-funded seismic reflection and R/WAR experiment, in combination with geological studies, located in the southern Alaska Panhandle (Hollister and Andronicos 1997); (iv) a comparison with the velocity structure of the southern Canadian Cordillera (Clowes at al. 1995), which, in contrast to the northern Cordillera, has experienced extensive Eocene extension; and (v) comparison with a seismic cross-section across a similar region of Alaska (Beaudoin et al. 1994). The combination of studies will enable variations in the continental-scale, three-dimensional structure of the Cordilleran orogen to be investigated.

2.
SNORE’97 Field Experiment
2.1 Experimental Design

The experimental design was largely controlled by the limited road access. To achieve the experimental objectives with the 552 available receivers (326 vertical, 226 3-component) required 4 deployments (Figure 2) with a nominal shot spacing of 60 km.

Line 11 along transect Corridor 1 from ~65 km east  of Yellowknife to Nahanni Butte on the west using the Ingraham Trail -Yellowknife/Mackenzie/Liard Highways route, a length of 560 km (a crooked line road distance of ~645 km). This deployment consisted of 477 receivers. As well as the 12 shots within the line, a 10,000 kg charge (Shot 1100) was detonated by BHP Diamonds at the Ekati Mine, 280 km to the northeast and a 5000 kg charge (Shot 1113), 225 km to the southwest. The southeasterly branch of Corridor 1 which crosses the Great Slave Lake shear zone was not targeted due to financial limitations.

The length and geometry of Corridor 2 required two deployments, Lines 21 and 22. To investigate the structure between these profiles, in particular the Tintina Trench, the design included broadside as well as inline recording. For the 8 shots of Line 21, 485 recorders were deployed for inline recording along the Alaska Highway from southeast of Fort Nelson to west of Watson Lake, a line length of ~465 km. In addition 62 recorders were deployed along the Line 22 corridor over ~200 km southward from Shot 2108.  For the 9 shots of Line 22, 418 recorders were deployed along 552 km of the Cassiar Highway and 124 recorders along Line 21 for ~250 km eastward from Shot 2209.

For Corridor 3, Line 31 extends 343 km along Canol Road from Johnson Crossing to near MacMillan Pass. For the 6 shot points (Shots 3106 and 3107 were detonated at the same location), 449 recorders were inline with the 100 units deployed broadside along the Robert Campbell Highway covering ~85 km each side of Canol Road to provide 3-D coverage.

The distances between corridors required that separate field headquarters be used: Fort Providence, Watson Lake and Ross River (see Figure 2).

2.2
GPS Surveying of Receiver Locations
During July 1997, receiver sites were positioned using the Global Positioning System (GPS). Stakes were set up at each receiver location and annotated with the station number.  Road logs were constructed so that instrument deployment teams could locate the stations easily from their deployment vehicles. Four to five minutes of GPS readings were recorded at each location (about the time it took to hammer in the stake and update the road log on the field laptop computer.)  A separate GPS base station provided survey information at known geographic locations so that differential processing could be applied to the data to improve the accuracy of the measurements. Once differential processing was complete, the accuracy of the recorded position is within 5 m horizontally and 10 m vertically.


2.3
Drilling and Loading of Source Locations

Following initial shot site selection, environmental permits were obtained from the Yukon, Northwest Territories and British Columbia governments. The drilling and loading started well in advance of the deployment crew’s arrival in the field. In most cases, holes were drilled to a depth of 50 m by conventional drill trucks, similar to those that would be used for drilling water wells.  Depth depended in part on the amount of explosive that would be loaded into the hole.  Steel piping was used at many locations to case the upper part of the hole to prevent collapse. In several cases the drillers moved the site due to difficult drilling conditions or other reasons. Positioning was by a combination of GPS and 1:50,000 topographic maps. In several cases adjustments based on first arrivals at nearby receivers were required later. Maximum uncertainty in shot location is estimated as 100 m.

Each hole was loaded with Hydromex T-3 and 3 PENTEX 16 boosters, each with a detonator attached. At several shot points (3101, 2104) it is suspected that there was incomplete detonation of all the explosives, most probably due to gaps in the charge. Shot point details are provided in Appendix 1.

3.
Data Acquisition

SNoRE’97 was conducted in the period 8 August to 6 September 1997. A daily schedule of the operations is provided in Appendix 2.


3.1
Seismometer Deployment

Four different field recording systems were used in the experiment, each with its own operational characteristics. These are discussed in section 3.2. On the evening prior to or in the early morning of the deployment day, the seismographs were programmed at the field headquarters. The two person field team drove the recording systems in vans to their pre-assigned locations.  Each team deployed 20 – 35 units.  Those deploying horizontal seismometers had the smaller number of units. To minimize possible gaps in data due to misprogrammed units, each team deployed at alternate sites, i.e. instruments were interleaved.

The procedure for setting up a temporary seismograph station in the field differs depending on the instrument type, but the main steps were:

(  locate the survey stake corresponding to the desired station number.

(  select a position within a few meters of the stake where the seismograph instrument box can be positioned free from natural and man-made hazards.

(  record identification numbers of all instruments left at each station in a field log.

(  dig a hole or holes to bury the geophone(s).  A depth of at least 50 cm or a location on bedrock is optimal.

(  position and level the geophones in the holes and attach them to the instrument box. Horizontal geophones were aligned with respect to geomagnetic directions.  The magnetic declinations along the seismic lines based on the data provided on topographic maps is provided in Appendix 3.

(  carefully bury the geophones to ensure good coupling with the ground.

(  tidy up the site to ensure that it will not be disturbed by animals or people during the period of data collection.

Most of the stations were located close to the public roads, either in the ditches or on adjacent banks. 

All shots were fired at night in order to minimize cultural noise (cars, trucks, other human activity). The following morning, the deploying teams returned to the field to pick up the instruments.  These were brought back to the headquarters where the recordings were downloaded into the headquarter computers. 


3.2
Timing Corrections
Relative shot-receiver timing is essential in refraction seismology. A limited number of the seismographs contained GPS units. The remaining seismographs and the shooter boxes relied on crystal clocks that are calibrated before deployment and after pickup using satellite information. Corrections are then applied assuming linear instrument drift. For this experiment, all seismograph clock drifts have been incorporated into the trace start time shown in the headers.  The drift time used for each instrument is stored in trace header word cor (bytes 217-218).  This is for informational purposes only and no further processing is required by the user. 

3.3
Field Instrumentation

Four types of instruments were used during these experiments.  These are briefly described below.


3.3.1 PRS-1

Number Used:
177
     Owner:  GSC

The Geologic Survey of Canada developed these Portable Recording System instruments specifically for use in large scale refraction surveys.  The field unit is programmed by one of several PC’s running LithoSEIS software in the field headquarters and then connected to a geophone at the deployment site.  For these experiments, L-4 2 Hz geophones from Mark Products were used.  The PRS-1 instruments record one channel (the vertical component) of data in solid state memory.  The recorded information is uploaded to the same field PC that programmed the seismograph when it is returned to the field instrument centre.  The data for all the PRS instruments is then compiled in SEG-Y format and archived on CDs.

3.3.2  PRS-4
Number Used:
 20
     Owner:  GSC

These instruments extend the abilities of the PRS-1 instruments by including the ability to record three components.  They also have a triggering ability that enables them to be used in earthquake seismology experiments.


3.3.3  RefTek
Number Used:
206
     Owner:  IRIS-PASSCAL

These instruments are manufactured by Refraction Technology Inc. and were  provided by the Program for Array Seismic Studies of the Continental Lithosphere (PASSCAL) of the Incorporated Research Institutions for Seismology (IRIS).  The field units are programmed by a palmtop computer at the HQ and then attached to a three-component geophone at the deployment site.  Some of the RefTek units contain GPS receivers and are therefore capable of avoiding clock drift problems.  (At the time of the experiment, the software was not yet available which would let the unit calculate an accurate geographic position.) L-28, L-22 and S6000 geophones (all 2 Hz) were used.  The RefTeks record their data on disk, which enables long recording times.  When the instruments were returned to the field headquarters, the information was uploaded to a Sun Sparcstation for compilation processing.  Data were archived to exabyte tapes.

3.3.4  SGR

Number Used: 149
     Owner:  Stanford University

The Seismic Group Recorders were developed by Amoco, built by Globe Universal Sciences, Inc. for regional refraction studies in the Middle East in the 1980’s and were provided for this experiment by Stanford University. They have an overall frequency response of 2 to 200 Hz and a theoretical dynamic range of 156 dB.  The deployment process is similar to that of the PRS instruments.  L‑4 and L‑28 geophones (both 2 Hz) from Mark Products were used with these instruments.  Data are recorded in digital format on specially designed tape cassettes that are removed from the instrument and read into an Everex System 1800 microcomputer upon return to the field headquarters.  The compiled data are archived on 9-track tapes.

3.4
Clean-up

Post survey clean-up was undertaken wherever our activities affected the surrounding countryside.  At all shot point locations, it was a condition of the permit that clean-up be done.  This involved filling any resulting holes or craters and removing any debris such as rock and casing ejected from the shot hole.  Contractors were hired to perform this reclamation work upon completion of the experiment.  At seismograph station locations, geophone holes were refilled and any visible signs of the experiment (e.g., stakes and flagging) were removed.

4.
Post-Experiment Procedures
4.1 
Merging of Seismic Data Sets

Merging of field data sets was done using the PLOTSEC suite of programs (Amor 1996). The major steps in the process were to:

(  read the various field tapes into PLOTSEC environment.

(  update and correct the file header information for each instrument.

(  update and correct the trace header information for each data trace.

(  select an appropriate time window for archiving data.

(  merge the data from each instrument type into a single SEG-Y file.

4.1.1 PLOTSEC

 Four different types of instruments were used in the field, each with a slightly different data format based on the Society of Exploration Geophysics standard known as SEG-Y.

In order to merge the various data sets, the PLOTSEC suite of programs were used to read, modify and merge the various input data sets into a single, standardized SEG-Y format file for each shot point.

The data were read into the system using a routine called plotsec_raw, one of the features of which is the ability to resample the input data. This was necessary for the PRS instruments to align them with the other (reftek, sgr) instrument types to produce a common sampling interval (8.0 msec).  

4.1.2 
Gain

Trace amplitude gain was dealt with either during the initial input into plotsec using plotsec_raw or later using plotsec_filt. Instrument - geophone combinations result in various amplitude scaling factors. In an attempt to appropriate 'true relative amplitude' between the data of various instruments types, the trace amplitudes were scaled as follows;

	Instrument Type
	Geophone Type
	Gain Applied
	
	

	PRS-1

PRS-4

REFTEK

SGR

SGR
	L-4

L-4

L-28

L-22

L-4
	1.0

0.5

-3.289E7

-1.136E7

0.584E7
	
	


The PRS-4 scaling is an empirical factor which was consistent for all shots. Some gain concerns remain and may be evident in certain data sections. In particular, the mix of L4 and L22 geophones for SGR stations caused some uncertainties most of which were resolved. 

4.1.2 Updating of SEG-Y Headers

The final data are all saved in SEG-Y format according to IASPEI (version 3.0, 1993) extensions for refraction data with minor modifications. The various header updates were done using plotsec_update. Appendix 4 lists the IASPEI definition of the headers. The major updates that were required globally were: 

(  shot and receiver survey information. These data were compiled in SEG-P1 format files that can be read directly by plotsec_update

(  shot information , i.e. time of shot, and charge size. 

(  receiver information such as geophone orientation, geophone type, and instrument type.

For a limited number of cases, corrections to station id, geophone type and for the SGR’s some stations/shots required time corrections. 

4.1.3
Merging Data and Creating Final Data Sets

Once all the headers from the various instrument types were updated, the data were merged into a single file (shot point gather) using plotsec_merge. At this point the data are still in plotsec format and contain all the recorded data. SEG-Y files were created from these final data sets using plotsec_wsegy routine. In this routine the time window and reducing velocity were selected to make the data more manageable in size. Appendix 5 provides the SEG-Y file and trace header descriptions.

This data is available through the Lithoprobe Seismic Processing Facility at the University of Calgary and the IRIS Data Management Center in Seattle.

5.
Data

Vertical component sections for all shots are provided in Appendix 7. A number of horizontal sections are shown in Appendix 8 with the selection largely based on the signal-to-noise ratio of the seismic section. (For display purposes, a minimum trace separation of 2 km is used for these sections.) As indicated earlier, horizontal components are oriented in geomagnetic north and east. Magnetic declinations along the lines are provided in Appendix 3 and are derived from the values on topographic maps.

6.
Administrative Issues

6.1
Personnel Requirements

An experiment of this type is intrinsically manpower intensive. Due to the remote area, road conditions and presence of dangerous wildlife, two person teams were required for the most part. For the benefit of future planners a generalized personnel requirement for this experiment is provided.

(i) Scouting of shot points and permitting: two-person months; as a number of government agencies are likely to be involved in the permitting process, this activity should be initiated a year in advance of the experiment.

(ii) Monitoring of drilling: three person-months; one individual is required to oversee every two or three drilling crews.

(iii) Scouting of receiver sites: 4 person-months

(iv) Field experiment personnel: headquarters administrative – 3; data center – 8; shooters –8; deployers – 50. It is assumed deployers or other personnel serve as shooter’s assistants. (Note: In this experiment, a number of the personnel were present for only part of the experiment. The total number of participants was 86.)  Experience has shown that several additional personnel to serve as backup in case of injuries or other unusual situations is desirable.

(v) Editing and merging of data sets – two person-months

6.2 
Budget

The total budget for this experiment was ~$1.127M. Details are provided in Appendix 9.

6.3
Public Relations

Public relations for the experiment were handled primarily by Lithoprobe's Communications Adviser, Horst Heise of Calgary, Alberta. In advance of and during the project, he distributed general information to the print and electronic media within the region of the experiment. As headquarters were being set up, the lead field scientists contacted the local RCMP detachment or representative to inform them of our plans, mainly because the large explosive charges at the shot points might be felt by some residents and a large number of personnel in vans would be working along the highways. When the lead scientists were reasonably certain that a shot or shots would likely be felt by nearby residents, a brief notice and explanation was provided to them prior to the shot to allay their concerns.

7. Publications

Completed research programs based in whole or in part on this data set are Creaser (2000), Fernando Viejo et al. (1999), Hammer et al. (2000), Welford (1999), Welford et al. (2001) and Fernando Viejo and Clowes (2002).
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