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Active Seismic Sources within IRIS: Report from thERIS
committee exploring an Active Source Facility

Executive Summary

The decline in the number of active-source expeantsever the past decade can
be traced to a number of factors, but the costt@ctthical hurdles of mounting an active-
source experiment are key factors. It requirestambigal technical expertise to determine
which seismic source to use, to obtain permitauging the seismic sources, and to carry
out the actual experiment. Unlike passive experisié@n which PASSCAL provides all
equipment, and in many cases technical expertiséhenfield, seismic sources are
currently unsupported by IRIS in any way. This pkcthe burden on the PI to
independently obtain seismic sources, fundingtieirtuse, and permits. This makes the
financial and technical hurdles for active-sourgpegiments considerably greater than
for passive experiments.

It is also clear that there is conitinuing demaoddctive-source seismic imaging
for traditional earth structure investigations, androwing demand for shallow hazard,
groundwater, neotectonics and climate studies. PASSCAL Geode systems are
heavily subscribed, and we anticipate that demandtliese instruments will only
increase further. The Texan instrument use is patet by heavy use for short periods
of time followed by lengthy periods of inactivitjput it is not known how much the
technical and financial hurdles affect this patt&kfat is clear is that these active-source
seismic systems are crucial for studying the Eartitust in tomography and seismic
reflection experiments, when used in conjunctiothwirenching and drillhole studies,
and with geologic mapping efforts. The high resoluinvestigations are often naturally
complemented by ground penetrating radar (GPR)siiyegions.

IRIS can take some steps to help facilitate acdivarce seismic experiments with
only modest costs. This document outlines the ecmmmhs reached by a committee
appointed by PASSCAL to examine the role that IBh®uld play in supporting active-
source experiments. The conclusions were drawngusiitten input from the active-
source community, from a meeting of the active-sewsommittee at the Seismological
Society of America meeting in April, 2009, and frameetings with the active-source
community at the Geological Society of America atmé Society of Exploration
Geophysicists annual meetings in fall of 2009.

To help support and facilitate active-source worikhin the IRIS community,
IRIS should:

Pur chase mechanical sour ces (accelerated weight drops), additional Geode
instruments, and a GPR unit so that a Pl can obtain a complete system from IRIS
for 3-D shallow seismic wor k complemented by shallower radar imaging.

To facilitate high-resolution seismic experimem&SSCAL should have a turn-
key seismic acquisition system that includes ansieisource to use in combination with
the Geode multi-channel recording systems. Weigbp-dources with ~100 Ib weights
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that are mounted on trailer hitches can be purchseabout $10,000 for a vertical-only
source and about $22,000 for a multi-componentcsowrarger, trailer-mounted sources
with ~500 Ib weights can be purchased for $40,00000. These sources are easy to
use and require minimal training and maintenante. T00-Ib weight drops can
consistently image to several hundred m depthtatteger, trailer-mounted devices can
image to depths of a km or more. PASSCAL shonilibily purchase a hitch-mounted
weight drop source for both vertical and horizomtaldes, and if demand is seen, they
should purchase a larger, trailer-mounted weighpdiource. This purchase could
significantly increase the number of researchers @duld carry out seismic imaging
experiments by removing the technical hurdle ofingnand interfacing separate
recording and source systems. In addition, their@ésest in 3-D imaging of shallow
structures, which will require the addition of m@eode channels to bring the total to
about 1000 channels.

We also recommend that IRIS acquire a GPR systearcasplement to the high
resolution seismic systems. Radar imaging is pdaity useful for neotectonic,
groundwater, and archeological studies. Commeucid$ can be purchased for
~$25,000.

PASSCAL technician to facilitate seismic sour ces (point of infor mation).

It would be extremely useful for a PASSCAL techaictto serve as a point of
information for mechanical seismic sources (vibmgtaveight drops) and help Pls get
field experiments started, as they currently daéaording systems. Specifically, this
person:

1) Would be familiar with what seismic sources available within the research and
industry community, and could advise Pls on whatoes are best suited for a given
experiment. This function largely could be accostphd by the technician attending the
annual SEG meeting to keep abreast of the newastesoand becoming familiar with
potential contractors.

2) Would be familiar with and could advise Pls ba togistics of shipping and safely
using seismic sources, and advise on obtaininganse (bonds) and permits required
for this work.

3) Would serve as a point of information for regtseismic sources, and perhaps
negotiate agreements with providers of seismiccgsuon behalf of the IRIS community.
4) Would be available in the field to get activessie experiments started. Specifically
the PASSCAL technician would need to interfacerdmording system with the seismic
source and to train Pls and students in the useafl seismic sources (weight drops,
mini-vibrators).

IRIS Support for the Texas proposal for an explosive-sour ce facility.

The University of Texas, El Paso, and Texas A&Mémsity are currently developing a
proposal for retaining and developing expertisesiqrlosives work in the research
community. IRIS should be active in supporting thiiative. We have included a draft
paper outlining this proposal as an addendum toréport.

Coststo PASSCAL/IRIS:
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FTEs. If our proposal is implemented, we estimate thuaili require about 2 PASSCAL
technician FTEs to service the additional Geoderding systems and to serve as an
expert on seismic sources. Currently the 240 Gebdanels require about %2 FTE of
technician time; increasing to 1000 channels winddease the technician time devoted
to Geodes, but not in a linear fashion. Experimamsld likely use more channels,
which would only slightly increase the preparatamd shipping over current usage. The
main increase in personnel time would be for addal experiments and for servicing the
additional channels.

Capitalization costs. The total capitalization costs for the initial eguient we
recommend would be about $53,000, plus the coastiditional Geode channels. These
and additional Geode costs are:

1. hitch-mounted, tilting weight-drop seismic source$22,000.

2. radio trigger system for use with vibrators or weidrops - ~$6000.

3. ground-penetrating radar unit - ~$25,000.

4. additional Geode recording channels ~$1200/chanrietrements of 24.

We estimate that this equipment would incur ongonaintenance costs of about
$6,000/year for the seismic sources and radaramitabout $10/channel/year for the
additional Geode channels.
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Introduction: The Decline in Active-Source Experinmés

and New Opportunltles

There has been a substantial decrease over thedpeatle in the number of
active-source experiments being funded and caoigdy IRIS members. In particular,
crustal-scale experiments that utilize hundredthousands of channels to record large
seismic sources, usually explosives, have beetekhin recent years.

One reason that active-source seismic experimeatberoming less common is
the difficulty in funding and carrying out this worPassive experiments require only
recording systems to be installed. Because thes aispurchasing and maintaining the
recording instruments now reside almost entirelyhim IRIS budget, the Pl of a passive
experiment only has to fund deployment costs. Tieethnsupport comes with the
recording instruments in the form of PASSCAL tecems, with the Pl only paying
travel costs. The IRIS model has effectively skifi@strument costs and technical
support onto PASSCAL, resulting in dramaticallyueeld costs and technical barriers for
carrying out a passive seismic experiment comptrede pre-IRIS days. The result has
been a substantial increase in the quality, coniiglexd scope of passive experiments,
and a dramatic increase in the number of Pls capablcarrying out large seismic
experiments. The often-mentioned result is a “dgatization” of seismic work that has
greatly increased the size of the IRIS communityd atrengthened IRIS as an
organization.

The development of the IRIS pool of recording iastents has had less of an
effect on reducing the costs and logistics of &cBwurce experiments because seismic
sources, which often represent the largest costnamst difficult technical issues in an
experiment, are currently not supported in any wuitgl way by IRIS. An example
might be a typical crustal-scale tomography expenimthat involves 2000 “Texan”
recording instruments and 20 large dynamite shiotsthe High Lave Plains (HLP)
experiment, for example, deployment costs for tf&02 Texan instruments was
approximately $80,000, mostly in travel and vehiclests for the 67 students and
volunteers deploying the instruments. This deplaynu®st is similar to those for large
passive experiments, and made use of PASSCAL msits and technical support. The
sources for HLP were modest, consisting I large shots. Nonetheless, it cost
approximately $160,000 to drill the shotholes, pase the explosives, and detonate the
sources. The explosives work used no PASSCAL eognip or personnel. Thus, the bulk
of the active source experiment’s field cost, anasimof the logistical and permitting
effort are not aided by PASSCAL instrumentatiortemhnical support. Seismic sources
also require technical know-how for the experimenbe done safely and correctly. The
result is that active-source experiments are @vstind involve more logistical issues for
the PI than passive experiments. This increasetl ditfisrential between passive and
active-source experiments has created a higherléhuimt getting active-source
experiments funded.

An example on a smaller scale also illustratesethissues. A typical, 2-week
high-resolution seismic imaging experiment with eimibe source will use about 240
channels of PASSCAL Geode recorders. The mini-sinerce, however, will need to be
rented and a technician/mechanic will be requiedlrive the vibrator. The recording
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portion of the experiment, making use of PASSCAdtinments, will cost about $20,000
for travel for the 6 or 8 person field crew. Thenimwibe source, however, will cost about
$25,000 in rental, $3000 to $6000 in shipping (oteage) costs to get it to the
experiment site, and about $3000 in technician/meichsalary. Thus, the mini-vibe
source alone will cost about $31,000 to $33,000tler experiment, which more than
doubles the cost of the experiment.

The more substantial impediments to carrying otiv@eource experiments are
the expertise needed to permit and use the seswoices, and to interface the seismic
sources with the recording system. The latter issuebe substantial for vibrator sources,
which require radio triggering, accurate timing,dacorrect phasing of the vibrator
baseplate with the input sweep signal. It is natommmon for experienced technicians
using a new vibrator source to spend several hoarsg/ing out this interface work.
Currently, most vibrator operators (mechanics) db hmave experience with the Geode
recording systems, and most Pls do not have exmerigvith maintaining vibrator
sources. These issues make it difficult for a Rhaut substantial experience to carry out
an active-source experiment.

There is an opportunity in the next few years fiRtS to support the rapidly-
growing interest in shallow imaging (to < 1 km d®ptithin the IRIS community.
Shallow seismic reflection imaging is becoming @asingly important in groundwater,
hazard and climate studies. In conjunction withlggie information such as mapping,
coring and trenching, many studies incorporatelsiwalmaging to delineate aquifers,
determine the subsurface geometry of faults, aratacierize the shallow stratigraphy.
These studies are increasingly moving toward 3-dsmmal experiments that require
large numbers of channels. Nearly all of this higbelution seismic work makes use of
Geode recording instruments like those owned by 3&&_, as many PIs carrying out
high-resolution seismic work own systems that @a&rly identical to the IRIS systems.

High-resolution seismic imaging is also becomingréasingly important from an
educational perspective. The methodology for sha#leismic imaging is nearly identical
to that used for deeper imaging for resource egpilmm, and there is a growing demand
for exploration geophysicists as the existing wor&é retires. Shallow seismic imaging
projects therefore provide a training ground faufa industry workers, at a cost that is
much more affordable than industry-style imaging 8&oor 10 km depth. Summer
geophysics field camps such as SAGE, or Colorato@of Mines’, would likely make
use of IRIS instrumentation.

Given these problems and opportunities, the questicses as to how IRIS can
facilitate active-source seismic work by providisgismic sources and/or technical
expertise like they currently do for recording syss. Traditionally, IRIS has not
provided any significant funds or technical supgortseismic sources, in part because of
concerns about liability issues. In this documeset propose ways in which IRIS can
assist Pls carrying out active-source experimehtsugh an initial, modest “Source
Facility”.

Active-sources — a review of source types and anmiity
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Currently, active seismic sources can be dividéadl 4nbroad categories: 1) small,
high-resolution sources; 2) mini-vibrators; 3) kxgcale vibrators; and 4) explosives. In
addition, there are several other experimental ar-seismic sources that should be
considered within the context of a seismic soumeilify. The descriptions of these
sources, current facilities, rough costs, and pirmgiissues for each of these sources are
outlined below.

Small seismic sources (accelerated weight dropsnheers, guns) — figure 1

High-resolution seismic work has made use of arging variety of small
seismic sources for shallow work. Sledgehammerstgshs, machine guns, small weight
drops, pile-drivers, crate-sized vibrators, endfosgarine sparkers and airguns, piston
sources, earth tampers (mini-sosie), and jackhasmayve all been tested as seismic
sources. Most of these devices are small enougle &hipped as freight, or are mounted
on a small trailer that can be towed to the expemtmTheir cost is modest, with small
weight-drop sources costing about $10,000 for thglest system to about $50,000 for
large systems. A number of private companies aadeic or government institutions
own these sources, although few companies offealsen

The committee and PASSCAL personnel agreed uniforthat PASSCAL
should not support any seismic sources that involfisearms, neither off-the shelf
weapons, nor specially designed firearms for seismork. PASSCAL can direct
prospective users to groups with experience witafim sources, for example personnel
in the USGS office in Golden, Colorado, or the KenState Geological Survey.

Among the small sources, the simplest to obtainapetate are hitch-mounted or
trailer-mounted accelerated weight drops. Two sizksveight drops are available: 1)
small, hitch-mounted weight drops that can be stdpm standard freight and can be
attached to the trailer hitch of a pickup trucke &) trailer mounted weight drops that are
towed to a site behind a truck, van or SUV. A hitcbunted weight drop generally has
about a 100-pound weight that is accelerated dowshweth a large rubber band
(essentially a large sling shot) or with compresgad (nitrogen). They are available
using hydraulics to lift the weight, which adds theise of a gas motor, or quieter
electric-powered devices that run on battery powdtch-mounted weight drops can
image to 300 to 500 m depth, while larger, traiftesunted weight drops can image to
greater than 1 km depth in good conditions. Thesarces have few liability or
operational difficulties, and users can be traimetéss than an hour. As long as the Pls
and operators use common sense, such as keepidg bamay from exposed moving
parts and only using the sources on solid, neastglisurfaces, there are few dangers to
using these sources.

[Recently, some very large weight drop sources Hzeen developed that are
mounted on large trucks and accelerate weights ohach as 2000 Ibs. This report did
not consider these large weight drops, as weHattmini-vibrators or full-sized vibrators
would be more suitable for imaging to several kmrésearch purposes.]

Mini-vibrators (figure 2)
In the past decade, small, high-resolution vibsat@mini-vibes) have been
developed for shallow seismic imaging to depthermé or two km. These small, truck-
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mounted or trailer-mounted vibrators sweep at feegies of 10 to 500 Hz, although in

practice 250 to 300 Hz seems to be the effectigb Fiequency limit because of energy
transmission and vibrator output. The devices wdi@0 to 14,000 Ibs and are mounted
on a trailer, on the back of a small truck, or ofra&heel-drive buggy. The advantages of
mini-vibes over weight drops are that vibratorsegixou better control over the source
frequencies, and vibrators work better in noisygamr environments because they can
spread the source effort over a substantial tinfe §&onds) to reduce the effects of
random noise.

Most of these vibrator sources are made by Indstkehicles International (IVI)
of Tulsa, Oklahoma. In addition there are at l¢hsee different groups within the
academic/government research community who have tagolution vibrators that are
potentially available for rental or collaborativerk:

1. The NEES (UT, Austin) IVI Minivibe known as “Thurag

2. The New Mexico Tech (Socorro) IVl Minivibe operateg Cathy Snelson

3. The University of Nevada Las Vegas IVI Minivibe ogeed by Barbara Luke

4. A range of rental vibrators available from the IMh Tulsa OK.
(http://www.indvehicles.comn

Each of these vibrators has different configurationterms of hold-down weight,
mounting platform (truck versus trailer), frequen@nge, and ability to switch from
vertical to horizontal modes by changing the acuatEES (UT Austin) has educational
grants available that cover some or all of theso$using their vibrators for educational
purposes. These grants are competitive, howevet,famding cannot be assumed in
advance.

Mini-vibrators need to be properly permitted andured, and they require
maintenance commensurate with a specialized tribks maintenance includes both
mechanical and electrical issues. The machines ttevecapability of damaging road
surfaces and disturbing or damaging adjacent lamdl sructures through prolonged
vibration. The machines also involve some riskthiait there are high-pressure hydraulic
hoses and exposed moving parts that can cause.ifgrwith weight drops they are
generally safe to use so long as the operatorasemon sense. To our knowledge, there
have been no accidents in the academic/governmasaarch community that have led to
lawsuits or injury requiring hospitalization. Théafety record, however, may reflect in
part that the research groups currently using tbes&es are experienced or are working
with experienced personnel. For maintenance, a geaxhanic is needed to maintain the
equipment, or the equipment can be brought backh¢éo manufacturer for periodic
maintenance.

Rental of mini-vibrators generally involve a daiy hourly use fee, plus a
mileage charge. The devices are often shippedastotrtrailer trucks, which can involve
significant shipping costs. Rentals generally csbut $25,000 for a month of work,
including time for shipping to the site. A one-morrental generally allows about 20
days of actual work, because shipping will oftenstone a few days on each end of the
experiment. In addition, typical shipping chargeishim the U.S. are $3000 to $7000
depending upon distance. Renters often requesparator, or are required to have an
operator, with the vehicle. In these cases, théeramsually pays the operator salary,
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overtime, and travel expenses, which can amoumtbtiut $5000 for several weeks of
work.

There have been some issues regarding availabflitgntal mini-vibrators from
the manufacturer (IVI), specifically that there drgher-paying, high demand private
sectors customers who seem to have priority ovademic users. However, IVl does
have a rental fleet of several small vibrators wilnious weights and mounted on various
vehicle types. Single mini-vibes are owned by NEBSLV (Barbara Luke), and New
Mexico Tech (Cathy Snelson), each of which is ded#nt configuration of vehicle
(trailer, truck) and weight. The NEES and UNLV \ahors have a technician who comes
to the field to operate the device (Pl pays salpgr, diem and overtime). The NEES
operator has little or no experience with recordsiygtems; the current UNLV operator
has some experience with Geode recording systems.

Large vibrators

Large, industry vibrators have been used in thel@owéc community for over 40
years. These vibrators have weights of 20,000 t@®CgD pounds and sweep from
frequencies of 6 to 150 Hz. They are often useskis of 3 to 8 sweeping simultaneously
to image to Moho depths or deeper.

The only such vibrators we are aware of in the asad community are the “T-
Rex” and “Liquidator” at the NEES facility in Austi Texas. These NEES vibrators,
however, are specialized in that T-Rex can vibmateany axis to collect 3-component
data. Liquidator has been modified for ultra-lowduency work, which limits its upper
frequency range to about 100 Hz. Thus, the two avdys are not designed for
“production” seismic reflection profiling, and walilbe more expensive than more
normal vibrators for routine production work. Iretpast few months, the NEES facility
(UT, Austin) added both a shear-wave and a P-waweator, both of which are more
suitable for routine production work; we are notaagvof anyone who has yet used these
devices. Anecdotal information suggests that thgel®NEES vibrators are not well suited
to crustal scale seismic investigations.

IVI also manufactures large vibrators, and may h#een available for rent. We
are not aware of any researcher who has rented \alogators from VI, but presumably
a rental agreement could be negotiated.

More commonly, sets of large vibrators can be &nteith operators, from
geophysical contractors who normally provide thevise to the petroleum industry. The
Consortium for Continental Reflection Profiling (CORP) and other research projects
such as CD-ROM used industry seismic crews for iadegpn of crustal-scale seismic
reflection profiles. Because the vibrator coststagelargest part of an experiment, it is
generally easier to rent an entire seismic crevafoexperiment, rather than renting only
the sources and using PASSCAL recording systemsyksp by students.

Prices for industry seismic crews need to be natgstifor each project, and will
vary depending upon number of vibrators and reocgrdihannels. The prices also vary
considerably depending upon current demand by #telpum industry. The costs are
roughly $25,000 or more per day of work, so a mdatiy project can approach the $1
million price range.
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Explosive Sources

Explosives work can be carried out at several saaeging from numerous small
(10 to 100 pound; 5 — 50 kg) shots in seismic ofitd imaging to large (1000 to
10,000+ pound; 500-5000+ kg) shots for crustalitbospheric-scale work. The research
community rarely uses small shots, as vibratorsveight drop devices provide safer
alternatives for most work. Large explosive sourtesvever, cannot be replaced easily
by vibrators due to range limitations.

Crustal-scale explosives work involves drilling 110200 foot deep holes, often
cased with steel or pvc, usually by a local welllel. The blasting agent (typically an
ammonium nitrate compound) is usually pumped dsraysinto the hole. The explosive
is primed for detonation by placing blasting capd aoosters (sticks of dynamite) in it,
and is tamped by filling the top of the hole withlldcuttings and water. The charge is
detonated, usually in the quiet of the night, usingelectric “shooting box” connected to
the blasting cap wires. The shooting box is syneizexl with a GPS clock to provide
accurate, absolute firing times that corresponcvent time windows for which the
recording systems are pre-programmed to start. Newggering devices use a gas-filled
plastic tube with a diameter about the same age& with the charge being detonated by
providing a spark to the gas. The gas devicesraaominant in the construction industry
because they eliminate the possibility of accidehie to induced currents within the
wires of the blasting cap. Gas triggering devices @ot suitable for seismic work,
however, because there is some uncertainty initimg ftime because of delays in the
propagation of the spark down the gas-filled tuldee seismic industry is thus the main
user of electric blasting caps as the constructidostry has moved to gas triggers.

There are surprising technical issues to relatethasimizing the output of an
explosive charge. For example, it is apparentlyemneffective to use a wider-diameter
drill hole and a shorter explosive charge than $e a small-diameter drill hole that
requires a longer charge. There are also diffeneayts to tamp the hole and where to
place the blasting caps to maximize the energyubutp

It is uncommon that there are significant liabilitgsues associated with
explosives work in the seismic research commutargely because most research work
places shots in remote areas away from structurbs. community has developed
guidelines for shot size and distance from the estdyuilding to avoid damaging nearby
structures. However, shot holes have caused antésias, slumping of land, and minor
damage to structures. These events have required $80,000 to repair in academic-
government projects, which makes liability insumarec necessity, and a clear chain of
responsibility a requirement for explosive sourgpegiments.

In the 1980’s and early 90’'s most of the explosivesrk in the research
community used to be carried out by USGS persowhel were part of the Menlo Park
Crustal Studies Group. This group has largely lsbanded, and most of the shooting
experts have retired. Presently, most academiegojhat involve explosives work use
Steve Harder from UTEP as their explosive expdthoagh Cathy Snelson of New
Mexico Tech has also done some of this work.
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Other sources.
In addition to the “standard” seismic sources dbedr above, there are several other
sources that IRIS should be aware of;:

Innovative research seismic sources

Another category of seismic sources that IRIS dhdwep abreast of are those
that are being developed within the academic conimufor new sources, it may
benefit the research community for IRIS to helghia development and maintenance of
seismic sources.

An example of a seismic source that may prove egipleé to seismic research is
the “shaker” source currently being developed byESE(UCLA) and the Carnegie
Institute of Washington These are large vibratayrses that were originally designed
for shaking buildings for engineering tests, bt being tested for seismic research. The
NEES source consists of a pair of large (1000 t@020ound) weights that are rotated
synchronously about off-center axes. Their rotaticneates a strong, directional,
horizontal oscillation, and they can be run atrglel frequency or swept through a range
of frequencies from 1 to 15 Hz. The device is nottgole — it is bolted to a 14-foot by
14-foot, 2-foot thick cement pad that must be carcseéd specifically for the experiment.
The device was used for measurements of tempoaalges in phase velocity at Parkfield
(Paul Silver and Fenglin Niu, and is currently lopeused in the Cascadia region to look at
temporal changes in wave speed and reflectivitpasted with episodic tremor and slip
(ETS). Early tests in Cascadia indicate that tigaai was visible to at least 60 km, and
possibly to 90 km distance. If the device is fowseful in Cascadia, it has the potential
for a range of velocity measurement and imagingearpents. Carnegie Institute recently
commissioned the construction of a larger versibthe shaker source, primarily using
private funding.

Because this is a source developed in the reseaoimunity, there is no
commercial market for it at present. For now theicks are available from the NEES
facility in UCLA and from Carnegie Institute in Waagton, DC. Other IRIS members
may be interested in the development and use sfdévice. As such, IRIS may in the
future want to venture into helping to maintain atelelop this and other research
seismic sources.

Ground-Penetrating Radar (GPR) and electrical imagi devices

IRIS has concentrated on seismic work, but grouadepating radar (GPR),
Electromagnetic (EM) and magnetometer systems dhtel considered for future
purchases by PASSCAL. The GPR methodology is nédelytical to seismic reflection
imaging except that electromagnetic waves rathemn geismic waves are used. The field
procedures and data processing are nearly identicstallow seismic work, and some
researchers typically use a combination of GPRsradlow seismic in their work. Data
are often processed using standard seismic reftecprocessing software. The
characterization of shallow strata, particularlyuiéeys and shallow faults, with a
combination of electromagnetic and seismic metluaaisbe far more effective than using
seismic alone.
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In the same category are EM devices and magnetmsnddeth of these use
electromagnetic waves for imaging the shallow atrat

All of these electromagnetic imaging devices aglily available on the market
for a modest cost. GPR systems cost about $25,00@& fbasic unit. An EM31 is
available at a cost of about $10,000. Magnetomatest about $5000. All of these
devices have relatively minor maintenance costscted with them. The availability of
GPR units through IRIS could significantly incredke use of these instruments in the
academic community, and could expand the IRIS reeeommunity.

Marine sources
There are a number of marine seismic sources teat@nmonly used by IRIS

member institutions, such as chirp systems, unilsp@parkers and airguns. In keeping
with the IRIS tradition of providing only land recing instruments, the committee did
not see a need for PASSCAL to support marine seismirces. Furthermore, PASSCAL
currently does not have any instruments for recgydn the marine environment. Marine
sources are readily available for rental from a bemof institutions and companies,
often as complete systems that include the recgrcipabilities.

Steps Toward a Seismic Source Facility
At a meeting at the Seismological Society of Ameeroeeting in Monterey in

April, 2009, the seismic sources committee hadrestte discussion of IRIS involvement
in the purchase and maintenance of seismic soflmcexctive-source experiments. The
committee had already read the input from the coniyun response to a questionnaire
sent out several months earlier. The committeeuds@on focused on the four major
categories of seismic sources outlined above, andleded that IRIS should deal with
each category in different ways.

Small active-source equipment (accelerated weigtupd)

The committee felt that PASSCAL should initially rpbase a hitch-mounted
weight-drop source so that a turn-key acquisitigstesm is available for shallow seismic
imaging. If demand warrants, a larger, trailer-ntednweight drop can be added.
Furthermore, the number of Geode channels shouiddoeased from 240 to about 1000
to facilitate 3-dimensional imaging and allow foora experiments.

The committee believes that the availability ofusntkey PASSCAL system
would significantly increase the number of researshwilling to undertake shallow
seismic reflection and refraction imaging. Reldiivemall, inexpensive weight-drop
sources have wide applicability in shallow seisimaging. Modern sources can be used
for both P-wave (vertical) and S-wave (horizontab)des by tilting the device. Having a
weight-drop source as an accompaniment to the Geyddems would provide
researchers with a complete seismic system for imgagp to one or two km depth.
Unlike vibratory sources, a weight-drop source megunominal training for proper use
and maintenance, and would not require a technidme with the device in the field.
Aside from a modest capitalization cqst$25,000), there would be relatively small
maintenance costs associated with these devic@®@oB/ear?). Interfacing these weight
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drops with the PASSCAL Geode recording systemstraghtforward with a simple
accelerometer, a contact-closure switch, or radiggers. Radio triggers cost about
$6000 for a robust, durable system with a longaadnge (1 to 2 km).

The number of Geode channels needs to be incraasatout 1000 for two
reasons. First, the current 240 channels of Geqdgment are heavily subscribed for
both research and educational purposes. The addifica weight-drop source to the
PASSCAL equipment pool will, we believe, move maniythe educational uses from a
simple classroom demonstration to a useful dateeatan effort for undergraduate or
graduate student theses. It will also enable a ntaigfer set of researchers to collect
shallow seismic reflection data in conjunction wiiologic and other geophysical data.
This will increase the demand on the PASSCAL Gemstems. Secondly,
characterization of shallow aquifers, faults andtgiraphy is ripe for the application of
3-dimensional seismic imaging. For effective 3-Daging, however, a large number of
recording channels is needed; even 1000 channalsnsall relative to modern industrial
surveys.

Small vibrators

Given the number of mini-vibe sources already i@ tesearch community, the
committee is not enthusiastic about PASSCAL owrongnaintaining a mini-vibrator.
However, having a part-time technician’s FTE deddt® understanding and using these
sources could substantially lower the barrier é&searchers to use these systems.

The committee felt that the best role for IRIS wbbke to negotiate agreements
with the owners of these devices to easily alloadamic users to rent them. Having a
PASSCAL technician who is familiar with using mwibes and interfacing them with
the Geode recording systems would facilitate noWte to use them effectively. This
PASSCAL technician could also familiarize themsslwath permitting issues so that
they can advise Pls about that process.

Perhaps the most difficult technical issue in usmgi-vibe sources is to interface
the source with the recording system. The trigggrusually by radio, must be enabled
so that the source and recording system are symiziech The pilot sweep used in the
min-vibe needs to either be recorded in the sowu or sent via radio to the recording
system. Although simple in principle, it often takseveral hours for a trained technician
to get the source and recording systems interfdoedhe first time. A PASSCAL
technician who is trained to do this would be neagsfor Pls to use a mini-vibe source
with the PASSCAL Geode systems. This techniciarlccocome to an experiment for a
few days to get the experiment started, similath® technical support provided by
PASSCAL for passive experiments.

Industry-style vibrators

The committee feels that the demand for large wibrsources is low (the last US
academic vibrator survey was done in 1990), and BRSSCAL does not have the
financial resources or personnel to purchase andtana a fleet of large vibrator sources.
The capitalization and maintenance costs of théseters are large, and unjustified
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given their relatively light usage. Large vibrasmurces for crustal-scale imaging can be
rented from geophysical contractors on an as-nasitb

However, PASSCAL could help individual researcheysserving as a source of
information for PlIs. Specifically, having a PASSCAdchnician familiar with available
equipment and contractors could be useful for &uyi®ls within the IRIS community.
This could be accomplished by attending the SEGtinge®n an annual basis to keep
abreast of new developments in instrumentation serdices, and to maintain contacts
with industry representatives.

Explosives

There are two organizations that have expressedntamest in serving as
contractors for large explosions for seismic wafkst, Steve Harder at UTEP is already
involved in a number of experiments, and will caog to be available for future work.
His group could be expanded if demand increasesorttdy, New Mexico Tech’s
Energetic Materials Research Test Center (EMRTQjchvis fortuitously housed in a
building adjacent to the PASSCAL facility, has icatied an interest in serving as a
contractor for explosives work within the reseaccmmunity. EMRTC personnel have
stated that they would want to handle the compedeess, including permitting, if they
were to carry out this work. EMRTC personnel woukhuire some training in
understanding how the seismic community uses ew@esbut it is anticipated that this
learning process would not be extensive. The cotaminitially felt that the best option
for PASSCAL is to have discussions with these gsowmd potentially negotiate open
contracts with them to pave the way for universdgearchers to utilize these groups to
carry out explosives work.

Subsequent to the instrument committee meetinghat 3SA meeting, the
University of Texas (Steve Harder at UT El Paso Kate Miller at Texas A&M, with
involvement by Cathy Snelson at New Mexico Tectly indicated that they plan to move
forward with a proposal to NSF for funding a seisexplosives facility. The goals of the
facility would be to preserve and expand existirgegtise in the research community for
carrying out large explosive shots. The proposdls cor upgrading of equipment
(shooting boxes), funding key personnel salarieg] providing explosives training
courses in both the academic and industrial comtiegniThe total cost of this proposal
was initially estimated to be about $220,000/ydzecause the state of Texas has a
substantial interest in maintaining expertise witlthe seismic industry, the state
university system may be willing to accept somealbliability for experiments using the
source facility as the explosives contractor.

The committee encourages IRIS to endorse and sughi®proposal effort in any
way they can.

Other Sources

As mentioned before, the committee felt that grepedetrating radar and
electromagnetic (EM and magnetometer) systems ¢eow strong complement to
seismic reflection imaging systems for shallow elotgrization, and that PASSCAL
therefore should consider the purchase of GPR anheéguipment and a magnetometer.
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We anticipate that these instruments will be widedgd in conjunction with the shallow
seismic imaging equipment in groundwater and adtwdt studies, and would also see
use in archeological, climate and glacial studies.

A logical starting point would be the purchase ofyraund-penetrating radar
system. These are relatively simple to use and taiairand the initial capitalization cost
would be about $25,000.

PASSCAL should also continually monitor the devetemt of other potential
sources such as the UCLA and Carnegie “Shaker” teowntating source. If such
sources are demonstrated to be useful to the I®8rwnity, PASSCAL should examine
how to support and encourage the use of theseesurc

Source Costs in Pl Budgets

Although the above plan works toward solving thgidtical issues of making
sources more widely available to the active-soucoenmunity, and it especially
addresses the needs of the shallow imaging comyunifails to address perhaps the
primary issue causing the decline in large actmerse projects - financing.

The PASSCAL instrument pool has dramatically redut®ee cost of passive-
source experiments by removing the cost of purdgasind maintaining instruments.
Many of the large passive experiments that utilld®+ broadband seismometers are
possible only because the instrument costs areebbyn PASSCAL outside of the
individual proposals. In a similar manner in otlieids, the large facilities such as
telescopes, particle accelerators and UNOLS shaye Imoved major equipment costs
off of individual proposals and onto the facilitfhe active-source community thus
remains hampered by the necessity of having relgtiarge budgets to rent, purchase or
operate seismic sources.

One model favored by some members of our communitynot supported by
most of this committee is to have IRIS (or anotbeganization) make seismic sources
available at no cost to Pls. The comparison is niadiee NSF research ships or with the
current passive experiments, in which the PI's psagp includes only the PI's
institutional costs; a matching request for thetrumeent facility (both source and
recording) is funded from the “facilities” (e.gRIS) budget. This model would allow
any Pl to carry out an active-source experimenabge IRIS would provide all of the
equipment and technical support, and the facilityuld reduce the costs of the PIs’
active-source proposals so that they are morenanwith current proposals for passive
experiments. This would be similar to a researcip,sWwhich comes with on-board
technicians that relieve the PI from the burdehanfing to provide technical expertise.

The argument for the all-inclusive source facilisythat it would make active-
source work readily available to any researchegandiess of their technical expertise.
The immediate effect would be to enable an actougee component for many of the
passive experiments, which could dramatically iaseethe resolution of the imaging. It
is now standard that a passive experiment incltm®egraphy, attenuation tomography,
receiver function analysis, and noise cross-cdicglanto most experiments. A hassle-
free source facility would likely add active sowsde this mix for most experiments, at
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least for calibration purposes if not for extensimeaging. This also could potentially
grow the active-source community, and dramatidaklyease the effectiveness of seismic
experiments, by providing a relatively hassle-fggion of combining active-source
work into most any major experiment.

The complication to an all-inclusive source fagiig that it would be difficult to
predict the costs for the coming year, and one ccdoiesee the active-source work
consuming a large part of the IRIS budget. Spedlfic the ready availability of active
seismic sources would likely result in Pls requestiar more source points than they
currently use. The effect would be much like whas tappened to the broadband
community: where once it was standard to requegir@@dband instruments for a major
experiment, it is now routine to request over 5@8isThas significantly increased the
demand on, and capitalization cost of the broadastdiument pool at PASSCAL. One
potential model for a source facility would be nitially fund it at a level commensurate
with the average cost of sources over the pastéans.

An increase in the number of source points in grearment could, however, be
an opportunity for the research community. Contiguihe comparison with broadband
instruments, the availability of more seismic sesra an experiment could dramatically
increase the effectiveness of the experiment arkcemaw, as yet untried, work possible.

On the other hand, IRIS needs to be aware of tblelggs currently plaguing the
research ships, and to some extent the early ingsleation of Earthscope. The facilities
are consuming such a large fraction of the totalget that it has reduced the money left
to fund the science. In the oceanography commumigny of the research ships are idle
for a significant fraction of the year due to lagkdemand. IRIS must be careful to not
commit so much money to seismic sources that itatngy impacts their current
mission.

If demand for seismic sources increases in the foéane this funding model may
be worth further consideration, at present we fieal the demand is not yet sufficient to
warrant taking any steps in this direction.

Conclusions
In summary the committee recommends that IRIS:

1. Purchase at least one accelerated weight dropesourc
2. Increase the number of Geode channels to at 8@k 1
3. Acquire a ground penetrating radar unit as a comeigary imaging
technology to seismic reflection in shallow studies
4. Make 2 PASSCAL FTE technical positions availableperate and maintain
the above and to
a. Provide Pls advice and help in permitting activarse experiments
b. Be technically capable of operating the PASSCAL d&esystem with
the mini-vibrators available from NEES, UNLV, NMand VI
c. Be familiar with the NEES, UNLV, NMT, and IVI ragchedules
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d. Be familiar with contractors offering large vibrateflection
recording services
5. Endorse and support the Texas proposal for a ratieaismic shooting
facility

Figures

Figure la (L eft): hitch-mounted weight drop. The weight drop has @0~filound weight
that is lifted about 2 feet off the ground and asled. A large rubber band stretched
across the top of the weight (the white, invertgdabtelerates the weight downward and
keeps the weight from “bouncing” when it hits theund. Behind the weight drop, the
small gas motor and hydraulics can be seen inrtm fight front corner of the pickup
bed. The metal plate prevents road damage; yelbpe pulls the plate along the ground
when the truck moves forward. Triggering of thesgegraph is done either with an
accelerometer mounted in the road plate (note @ganeing out) or can be made using an
electrical connection between the weight and tlael fate. The source routinely images
to 300 to 500 m depth. This device is owned byresatting company in Los Angeles.

Figure 1b (Right): trailer-mounted weight drop that operates in #raa fashion as the
hitch-mounted weight drop but uses a ~550-poungjtelhe source images to as much
as 1 km depth. This device is custom-built at B&tse University.
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Digipulse AWD Il Model 750T

Figure 1c. Another example of a trailer-mounted ghieidrop seismic source that is

currently manufactured by Geosurvey Systems Ine. §ystem has up to a 1080-pound
weight, with operation similar to Boise State’steys pictured above (the elastic band is
within the red metal protector. The weight is shawits “travel” position — it is rotated

to a vertical position when being used.
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Figure 2a. Trailer-mounted mini-vibe seismic soufidee actuator is between the wheels,
and the computer that controls the sweeps is icdbeof the pickup. The white box is

the diesel motor and hydraulics. The large whilendgrs in the back are water tanks to
provide additional weight. In this picture the attur is in the down position, lifting the
wheels off the ground. This vibrator has a 4500nabiorce. The source images to 600 to
800 m depth. This vibrator was built by VI (Induat Vehicles International) and is
owned by the University of Nevada, Las Vegas. Negxido Tech is purchasing a

similar vibrator.

Figure 2b. Buggy-mounted mivi-vibe seismic soufidee actuator is seen between the
wheels. The diesel engine on the back provides piwdoth the hydraulics and to drive
the vehicle. The computer is in the cab. The weytender behind the cab is the fuel

tank. This is one of the largest of the mini-vibasd generates a 12,000 pound force. In
urban areas, we generally turn the power downeggnt damage to roads and shaking of
nearby houses. The source images to over a km.dEmhvehicle was rented from VI
(Industrial Vehicles International) by USGS perselnwho attached the magnetic sign to
the side. The actuator can be changed from P-waaréqal) to S-wave (horizontal) with
about a day of work.
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Figure 3a. Thi is a large vibrator made by Indalsh‘ehicles International. It has a
60,000 Ib weight and can sweep from about 5 Hbtma100 Hz.

Figure 3b. The NEES “T-Rex” vibrator at UniversglTexas, Austin. The vibrator is
similar to the one pictured above, except thisatitar can rotate between the vertical and
two horizontal directions almost instantaneously.
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Figure 4. The NEES, UCLA, Shaker source. The mateight rotates two large, off-
center weights (~1000 Ibs), one of which is ingbéd part of the device closest to the
camera and other is on the opposite side of theeeleVhe shaker needs to be bolted to a
large concrete pad. The device was originally desigo shake buildings for earthquake
hazards research, but is being tested for usesmgeimaging.
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Appendices:

1. Attendees at the IRIS/PASSCAL Committee on Active Sources
Meeting at SSA, April 9, 2009

Marcos Alvarez, PASSCAL

Bruce Beaudoin, PASSCAL

Tom Brocher, USGS, Active Sources Committee member
Meng Farn-Yuh, NEES, observer

Jim Fowler, PASSCAL

Gary Fuis, USGS, observer

Alan Levander, Rice, Co-Chair, Active Sources Cottani
Lee Liberty, Boise State, Active Sources Committesmber
Tom Pratt, USGS, Co-chair, Active Sources Committee
Ellen Rathje, NEES, Active-Sources Committee member
Absent: John Hole, Active-Sources Committee member

2. Texas Source Facility Proposal.



