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Introduction

Seismology has been a ubiquitous tooldeterminingsubsurface Earth structuaed
learning about various dynamic sourcesluding earthquakes amdiclear explosions
[standard-seismologpEFLay and Wallace 1995; Stein and Wysession P0De
number of seismic arrays has grown appreciably in the last few decades, wittDOGer
broadband seismometers deployed within the United States atw®jer 20,000
worldwide [iris-REHRIS 2015. However, despitthis large number of seismometers,
instruments have | argely been confined to the Earthés surf;:
been placed at deptlgseatetthan 100 meters This is largely a cost issggrimarily due
to theebvieuspractical difficulty ofgetting to such depthst has been known since the
1950s (Levin, classic paper in Geophysics) that high frequency noise is dramatically
lower when sensors are placed boreholes. tH®reason highHrequency arrays used in
nuclear explosion monitoring have been emplacedihm scale depthoreholes since
the earliest work on phased arrays in the 196£ferenceo IEEE papers form 1960s
can easily supply). Thefew-exceptionsvhere deeper boneles were used have been
limited to isolated boreholeg.g. Abercrombie, 199%¢clude, the Parkfield borehole
seismometearrayswithin-singleboreholede.q.Abererombie-1995Nadeau and
McEvilly 1997, FEBPMa et al. 2012Parkfield-REF, andin active minesGibowicz et
al. 1991 S—A#Healechardson and Jordan ZOﬁﬁeLetheREF) All of these however,
utilized only
geophenesrathkigh frequencv sensorsThls papedescrlbes the flrst deplovment ever
of a phased arrav with sensors deploved to some of the deepest feasiblelepinsre

Whil e observing ground motionslylzeen or near the Earthos surf:
acceptable, there are a number of reasons why observations at deeper depths, particularly
from an array of instruments, woybttentiallybe useful=irstand-foremesttlt is now
wel-Fk nown t hat most sei smic OfmoseBEFandihaa generated near the su
this noise generally decreases significantly with deiptinghole-RENcNamara and

Buland 2004 Observations at depth therefore have the potentlat-fesscentaminated
by-surficial-neisbave higher signéb-noise ratiosand therefore may more accurately

measure the elastic wavasiving from geophysical-sources-of-interasy sourceThe
secondmainreason that seismic measurements at depth could be advantageous is that




heteroqeneous materlal we know on the planet is the surface Weathereﬁjyer

REFBoore and Joyner 1997The weathered layer universally Hdst-enhydo-suech
features-typically-cause-muslowerseismicvelocities,and in most cases is wildly

variable on a range of scales due to natural variations in weathering progttsey
cause-the-Earth-to-be-highigterogeneousndl his makes the near surface nearly always
astrongly scatteringresulting-in-complexity-ebwave propagationthatis-challenging to
medeland-interpranedium Since nearly all observatioesntain this complexity, it is

not known precisely how severe the effect is, but it is expected that observations far away
from such heterogeneities asempler and more predictableData from the experiment
described here has potential for improveddghts on the near surface scattering problem.

In addition to illuminating fundamental questions on seismic wave propagation, seismic
measurements at depth are also of interest in the fi({gdanftational Wavbstrophysics. [Commemed [PMM1]: gravitational-wave astrophysics?]
The Laser Interferometer Grigationalwave Observatory (LIGO) recently announced

the first direct detections of gravitational waves produced in a merger of bikaak

hole systems (Abbott 2016a, Abbott 201,8Hnce ushering a new field of inquiry in
astrophysics. To fully explorne scientific potential of this field, more sensitive

detecors arebeing designeduch as the Einstein Telescopaiituro 201pand the

Cosmic ExplorefAbbott 2017) One of the limiting noise factors in these detectors at
frequencies below 10 Hz is tlseismic noise that causes fluctuations in the local
gravitational field|lt is expected that this noise source will be reduced underground due
to the suppression of seisndarfacewaves, butt is currently not understood what

sufficient depth fothes detectorss, nor what their optimal configuratids. Commented [PMM2]: This is a bit awkward. Maybe:
Underground seismic measuremeants therefore needed to quantify these effects, 5)6 EO AGDAAOAA OEAG OEEG
therebydirectly inforning the design of future generatlonignﬁwtatlonal Wave SR G i S eSS o Ssleie S

detectors. waves. Neither the depth at which that suppression is

sufficient for our detectors nor the optimal configuration_
|To explore the promise of subsurface seismological observations, both for geophysical e CETOR ARCARLT OB EY A9
and astrophysical applications, Wwevebuilt and operated an underground taree (Commented [PMMS]: gravitational-wave detectors? |
dimensional (3D) array at the Homestake Mine in Lead, SPmestakewhichwas one

of thelargest and deepest gold mines in North Ametigareport-en-this-unigue-3D
a#a%m%seeb%a%ﬂhe Homestake Mine officially closed operations in 2002, but 4 Commented [PMM4]: | think there should probably be

reopened in 2007 as the Sanford Underground Research Facility (SURF), and currently A OAT OAT AA AOAAE EI EAOA
featuressupportsseveral other experiments, including dark matter and neutrino semicolon?

experiments that benefit from the cosmic ray shielding of the rock overburden. The
significant infrastructure in the HomestdwWine, including easy access to numerous
underground levels with hundredﬁknﬂ of available drifts, availability of power and [COmmemed [PMMS5]: km -> kilometers J
digital networkinfrastructure and safety protocols aride SURFinfrastructure maeke

the Homestake Mine an ideal locatiam the development of a 3D seismometer array

In this paper, welescribehe novelty of the 3D Homestakeray as compared to other
subsurface seismological deployments, the experience learned in operating the
underground array for 2 years, and preliminary results that demonstrate the pegtential
such-data-hawd these data for additional research infiltere Whie-theresuits




Seismometer Array

TheHomestake seismometer array consisted of 24 seismic statibBs;ations were

locatedunderground and 9 on tiserface!, depicted irFigure 1. The locations of Commented [PMM6]: The Homestake seismometer
stations are known with uncertainties on the orddrmofbecause of the necessity of amraUh AAPEAOAA ET &ECOOA »

precise survey for mining operations and dkeilability of precision digital maps
assembled bURFE Underground station locations were obtained freaps-of-the
mine-drifts-based-on-past-mine-surveys;vihdee maps.Ssurface station coordinates
come fromlong term averages GPS data. All of the underground stations were
installed between December 2014 and March 2015, and remained operational until
December 2016. The surface stations were installed in May 2015 andedma
operational until September 2016. The seismic equipment used in the experiment was
provided by the Portable Array Seismic Studies of the Continental Lithosphere
(PASSCAL) instrument center, whichapart of the Incorporated Research Institutions
for Seismology (IRIS). Most stations usetreckheisen ST highsensitivity
broadband seismometé'lhe exceptions were the underground station 300 and three

surface statioﬂ)swhere we deployed the more water resistant Guralp GWIG Commented [PMM7]: The exceptions were the
seismometers. underground station on the 300ft level and three of the
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Homestake Seismic Array
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lFigure\ 1: Homestake seismometer array layoutThe lines of different colors depict the
relevant drifts at various depths, along which we installed underground seismic stations.
The black filled circles denote the surface stations (remote surface statis/DEAD, SHL, and
TPK were located outside the depicted region). Also shown are the two shafts at the
Homestake mine, known as the Yates and Ross shafts, denoted by black filled triangles.

The underground stations were scattered across several levelaalepth of300ft 91
m), one aiB00 ft 244 i), one atl700 ft 6§18 m), five at2000 ft 610 n), three a”r100 ft
(1250 n), and four a#t850 ft L478 ). The locations of these stations were chosen to
maximize the horizontapertureof the arraywithin the constraints imposed by safe

access, availability gfjowerandac cess t o SURF 0 sinsevedleaseso p t

we had to extend existiqgpwer and network cables to support the statidfesstrove to
locate sites as fars possiblérom activity in the mine and from water drainage pathways.
Stations were usually placed in alcoves or blind alleys to minimize the effects of the air
drifts, although several stations were installed in enlarged aitiés the main drifts of

the mineln mostcases, we found there were complex tradeoffs between cost of
installation and distance from active operations.

Many sites had existing concrete pads of various sizes and thiekfress the original
mine operation. When necessary we poaredncrée paddirectly onto the rock In all
cases granite tile wasttachedo the padising thinset morta/ll underground se

Commented [VCT8]: Tanner commented that Figsi3
should be vectorized. Perhaps this was done already?

Commented [PMM9]: There seems to be a differentont
for this caption.
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if 1 tried to put them in a vector format. | can do it, but
our file will likely then be > 100 MB.
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preparation was completéloree(or more)months prior to the installation of the

instrumends Eachseismometewas placed directly onto the granite tile, and was oriented

to cardinal directions using an Octans gyrocossfilom the IRISPASSCAL instrument

cente\r To reducezcoustienoiseinduced byair flow we coveredeach sensor wittwo {Commented [PMM10]: Should we have a source for ths}
nestechuts constructed f 206 t hi ck polyisocyanurate octans?

sealant. Theligitizerwas placed several meters aV\}aryd included a Q330 data logger, a
baler, and network and power supply electranach station was powered bgmall

12V batterycortinuously charged by a simple AC chargEne batteryrovided
approximately a one daywer reserve, which proved more than adequate to cover any
power outages enaatered during the experiment

ommented [PMM11]: Should we add a source for the

me ) AiT1860 ETTx xEAO O
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In addition to saving the data localljth abaler, we utilized realtime telemetry for all

underground sites and six of the nine surface.sliesundergroundstations were

synchronized using a custetiesigned GPS optical distribution system. The GPS signal

was received by a GPS antenna nted on the rooffathe SURF administration building

and piped to a Q330 in the server r-oom of the same buil din¢
logger was used to convert the received Hirghuency GPS signal into the separate

1PPS (1 pulspersecond) and NMEA metadata compoisdhat wereused as an

external timing signal for thenderground instrumesit The output from #master

Q3306s EXT GPS por t-optica sansceiveto conmert the amaloge | ect r o

voltage output tmptical signals[?l’he transceiverwerecustommade for this application
by Liteway, Inc. (model number GPS2001). An opticaHiber network of optical Commented [PMM12]: Same comment about citing
splitters and transceivers was installed underground to distribute this GPS timing signallANOED®I AT O O 60AAG AAIl OA8

to all underground stations, while maintaining its sigoaboise ratio throughout the

mine. At each station, a transceiver was used to corhesdptical signals back to

electrical, which were t hekPhassemorsloggaibyo t he Q33006s EXT GPS p
the Q33Migitizerssuggesthe timingprecisionachievzed with this system was the

order ofl ps.Systematic errors from ppagation and electronic delaysreeegligible.

Five of the ninesurface stations were located on SURF property above the underground
stations. Another statiorwas located at Lead High Sch@bHS) in collaboration with

the Lead Deadwood Public School Distrittle deployedhe remaininghreestations on
private landn an outer ring at a nominal radius of 5 km from the array cemeused
conventional, portale broadband sensor vaults but catgfséparagdthe wall of the

sensor vault from the concrete pad poured at the bottom. This detail is known from early
experience in the 1990s at IRPASSCAL to reduce tilt noise from soil motions. All but
one of he sites (DEAD) were bedrock sites with a concpeigpoured on weathered
metamorphic rocks of variable lithologieShe surface stations were all oriented by
conventional compass methods, which means the precision is less than the underground
sites orimted with the Octans instrument. We insulated the sensor vault with a layer of
foam and burial with as mudf a soil cover as possiblé/e had the common problem of

rain washing some coveway that we restored when the instruments were serviced.

While the three outer stations were stalaghe, heremainingsix inner stations all used
radio telemetryOf these, the LHS site located near a tighool used a poito-point
radio that linked the outdoor site to a Linux computer in a computer laboratory at the



school. Theremaining five stationsereradiolinked to a master radion the roof of the
SURFadministration building where our data loggicomputer was locatedll surface

sites except LHS used solar power; LHS used an AC system similar to underground sites

but with a larger battery backup. All surface sites used the standard Q330 GPS timing
system.

The telemetry system we deployed usetbmputer running ehAntelope software at the
SURF adhinistration building to handle retime communication to all underground
sites and five of the nine surface iiteWe ran a separate Linux computer running
Antelope at LHS to handle retiine canmuniations with that single sit&his approach
was necessary to deal with firewall isstat both SURF and the higthool.We then set
up an orb2orb feed to a University of Minnesota computer that acted as a data
concentrator. The participating ingtions and the IRI®DMC were then able to tap that
connection for realime feeds witta latency of a few ternsf seconds. Weleveloped a
custom nonitoring system to automatically test foramgeof conditions and buildveb-
based quality contrdlummarés We alsoset up aotating shift schedule to monitor this
diagnostic information on daily basig hisallowed us to quickly identify and diagnose
problems. This was a major factor in tP@(ceptlonaIIWgh data recovery rate of this
experimentigear 1006 for every site except DEADwhich had power problems in the
winter of 20152016). Furthermore, the telemetry data have no mass position related
issues except for two sensors failures. In addition, this quality control monitoring
allowed s to detect and diagnose a subtle problem on station E2000. That station begg
showing odd tilt transients, which site visits revealed was creataddiyre of the

thinset grout on the base of one of our granite tiles. This was repaired by pouging a n
concrete padnd setting the tile directlynathe concrete.

Preliminary Results

Thé primary novelty of the Homestake Array is that it is a thdeensional broadband
array, approximatelgpanning a CUbIC volume that i is l 5 km on each addk(ence a
volume of about 3.4 k), -in-2 allyguieta &
This unusuakrray configuration Ieads to both unlque opportunltles and challellmqes
this section, we provide preliminary analy$lest demonstrate some of these potential
prospects{and issues The flrst subsection describtf® ambienthoiselevelsof the

perlods are exceptlonaThe second subsecnon describes seismic events detected with
our arraythat demonstrate the kinds of event data that were collected in this experiment.

Commented [PMM13]: Should we include a source for
the Antelope software?

[Commented [VCT14]: See next comment

Commented [VCT15]: Tanner suggests being more
specific. Modern seismic arrays have a wide range of
recovery rates, from <50% (e.g. for some remote island
stations without power) to better than ours (i.e. 99.99%).
Perhaps the reason that it might be exceptional is that it
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seismic deployment.

Commented [GP16]: Putting on my hat as chair of the
IRIS Instrumentation Services committee | can tell you
that this is very exceptional. GSN is only abou 90%, anc
most PASSCAL deployments are low 80%. The only
operations | know with a better performance are AFTAC
gold-platted DOD supported arrays and the Earthscope
TA.

Commented [VCT17]: | think this section needs a
preamble, so | tried to write one. It partly motivates the
array again, and introduces what will be discussed. Feel
free to modify/add.

Commented [GP18]: Being in the stable interior is not
such novelty and more of a negative from a seismologist
perspectivez no local earthquakes

As e-as-pected foran array of such small aperture, waveforms have a very high degree
of coherence, but there are subtle differences between stations at depth and those nearer

to the surface that suggesbre detailed analysis may vyield fruitful information retiag
nearsurface heterogeneity. Finallsince the results presented here representofisgt
stuelvef»lnltlal vvork onth|s dataseun thenexn‘lnal subsectmrwe&seassemeeﬁhe
econsiders

possmle future appllcatlons of these data




Noise Spectra

The ambient seismic noise levels at the Homestake mine, especially at the deepest levels,

are remarkably low and stable. We demonstrate this by comghbégisplacement
amplitudespectral density (ASD) of seismic noise over long periods, for different
stations andor different seismic channe(east, north, verticalWe use one year of data
(from June 1, 20TBViay 31, 2016), split into 400 second intervalse median

amplitudes in each frequency bin for tresticalseismic channedre shown in Figure 2
compares the ASDs for stations at several different depths. All of tienstare in close
agreement in the middle range of frequen¢e$0.5 Hz) which corresponds to the
microseismic peak. At higher frequencies, there is significantly less noise with depth:
above 0.5 Hz, the stations at 4100 ft and 4850 ft depths alg aparder of magnitude
quieter than other stations. At the lowest frequen@i@sl Hz) there is also a good
agreement between the stations, although a stighease imoise is apparerattthe

surface stationghis may be due to larger temperature variations closer to the stivdace
inducettilts in the concrete padevhile the underground stations at any given depth tend
to agree very well, there is a wide rang@mﬁability amongthe surface stains, as
depicted in theight panelof Figure 2.This is due to differences in the local environment
in terms of thermal insulation and proximity to human activity.
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Figure 2:Median amptude spectral densities fbfomestakeseismic stationdNumberel legend
entries denote depth in feet, while numberless legend entries denote surface Beti#zos
low- and highnoise models are shown dashed gralines. See text for more detail.

Figure 3 shows ASD histograms for thRBG surface station (leftand for the A4850
underground station (righais examples of j@latively googsurface station and our
deepest and most isolated underground station. Herbistograms of ASDare
calculated from 408econd data intervals over 1 year in each frequéin, revealing

Commented [PMM19]: These are now made from
January 2015 to December 2016 (using all available
data). Also, | used 900s intervals instead of 400s
intervals.

Commented [VCT20]: Are these vertical component?
Fig2 labels it as East.

Commented [VCT21]: Tanner suggests noting these ar
constructed primarily from surface stations? | would
suggest taking a slightly different tack, i.e. re
emphasizing that our stations are at depth.

Commented [VCT22]: If these are horizontal
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Commented [VCT23]: Why is the Deadwood station so
good?lt looks to be nearly identical to A4850, or even
better. Is the lack of (7s) microseism related to it dying
(not recording) in the winter? If so, that would be slightly
misleading.

Commented [PMM24R23]:) 61 11 O OOOAc¢
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if maybe there was something | missed.

Commented [PMM25]: Relatively good->
representative

the overall variability of the seismic noise at each station. The white curve represents the

median ASD (identical to those shown in Figure 2), the black curves represent the 95%
confidence intervals in each frequency bin, and the colale shows the overall
distribution. The Peterson levand highnoise models are shown in dashed gray.

The histograms display about two orders of magnitude of variation across all frequencies

for both the RRDG station and the A4850 station. The A483i@stmeasures less noise




in general and appears to have less overall variation than RRDG. There also appears to be

significantly more higkrequency noise in the RRDG station; this is likely due to
anthropogenic surface waves that are suppressed with @epkthstations stay within the
low- and highnoise Rterson models most of the time. Howeverthe 0.30.9 Hz range
the A4850 station is actually below the lowise model a sigficant fraction of the time.
We also observa considerable difference begen the vertical channel and the
horizontal channels at low frequenciest:2t0.01 Hz and belovierboth-statiensthe

vertical channebn both stationhaves almost an order of magnitude lower noise than the

horizontalstikely-eaused-by-the-slowiittg-of the-ground  This is nearly universal on
broadband instruments and is well known to besaltof tilt noise that is increases with
period on horizontal components (Weillandt refereinté€glp) need to find it).The
horizontal components of thenderground sites are exceptionally quite and from very
long time series we see tidal signals with very sigaatoise ratiofRoss has some
amazing recent results on this, but they do not belong in this paper. | recommend a
simple sentence likgiven he objective of this paper.)
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Figure 3: Histograms of amplitude spectral density in each frequencyrtarstoface station
(left) and for an underground station at 4850 ft depgi{). Median ASDs (solid white), 95%

confidence intervals for eadtequency bin (solid black), and the Peterson-land highnoise
models (dashed gragre shown. Seext for more details.

Thelow-noiselevelsof a significant fraction of our stations at deptlygests that the
array may be useful fdretter undetsinding how ambient noise levels depend on depth,
and in particular what fraction of the noise is spatially and temporally coh&rarit a
study whichcannot be done with a single borehole seismic statdieyond the scope

of this contribution, buis expected to bdiscussed in futureontributions.

Array Analysis of Event Data

Detecting and analyzing seismic events in an area with otherwise sf@isgcoverage
using our smadhperture array of 24 ultrquiet sites was technically challengisigce
conventional automated detectors typically assalingites provide equally weighted
independent data. Thus, attempts at automatic detectionAsielppe 5.6 BRTT 2017
applied toour arraydataaugmentedby data from8 regional stations (sé€qg. 4b)
resulted in a large number of spurious detectidis. solvedhis issue, andeduced the

Commented [VCT26]: | think we need a paragraph that
discusses implications of these specific results. | tried to
make a brief one here, but anyone feel free to
add/modify.
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false detection rat® near zero, by running the detection algorithm only on the three

outer surface sites (DEAD, TPK, and SHaipe of the quietest undemymd sites

(D4850)and the 8 regional stationsnd by requiring six #vave associations before

declaring an eventhese choicemesulted insignificantly raising the detection threshold,

and no longer detecting events from a lazlve surfacenineg, locatedonly 2.5 km west

of station TPKA large number of sucherylocal events existsee Fig. 5 for one

example) indicating at least one blast per day during the workwaed could be used in

future studies. For example, Figurelbarlyshowsthe theoretically expected

suppression of Rayleigh waves with depth, with Rayleigh waves barely visible on any of

the stations in the 4008sibarray {Commented [GP27]: I don't think the sentence | }
Howeverwe willnot discuss-these-events-furtherin-this-contribution. deleted was necessary

Standard analyst review of the revisistection routine applied to six months of data

(JanuaryJuly2018) resulted in the detections shown in Figur®#the 431 epicenters, [Commemed [VCT28]: Someone please confirm ]
359 are in the local area shown in Fig. 4b and 72 are at regiaeé$eismic distances
shown in Fig4a. The locations shown in Fig. 4a were produced by association of events
with those from the U.S. Geological Survey catalog (ANF 2@hd)using the associated
epicenters L-whereasdcations in Fig. B were estimatewith the dbgenloc program

(Pavlis et al. 2004) assumitioe IASPEI91 earth modeAll of the 359 local events in

Fig. 4b are likely to be coal mining explosions from[Bwvder River BasinAll have Commented [PMM29]: Is this a welkknown place or
similar waveforms with emergent P waves and promisarface waves like the event region? It looks like maybe it is, but is it WOQhWh”e to
shown in Figure 5Despite assuming fixed depths (of zero), some epicenters were poorl ;ggs,:gd state names to the plot at least? Is that
constrained and likelpadly estimatedue to too fewof theregionalstations having

detection-picksbservable P or S wavddost well located events cluster in the coal

mining d|str|ct supportlnq our hvpotheS|s that these are m|n|nq related

Commented [VCT30]: Tanner suggests glvmg
examples. | added Oi -ADROOOOASE AAT O
parenthetical comment below, to more concretely
suggest what the basic problem is.




Figure 4 Epicenter maps of events recorded by Homestake 3D array. (a) An azimuthal
equal distance projection map centered at the array site marked with a star. Epicenters of
distant earthquakes recordeglthe array in the 2015 study period are shown as circles.

(b) Epicenter map focused on local and regional events. The array location is again
shown as a star and estimated event epicenters are shown as circles. Bitrlkafitiges

are regional stations used for detection and location of the events plotted.

Figure 5. Vertical component seismograms from local surface mine. Seismograms are
displayed at true amplitude édgrouped by subarrays used throughout this paper.

Records for each subarray are sorted by epicetist@nce from the estimated source
location (approximately 4 km west of TPK). Subarrays are ordered by increasing depth.

Figures 6 and 7 show threemponent subarray stacks for two representative events.
Sincewe foundsystematic differences in wawemswith sensor depttihese subarray




stacks wer@rouped into three subarragsefined in Figure 5 Sur f ace 6, 620
64000s06) . Note that wesadpareoathéeSlu rt Subacragd O
grouped the 1700 station with the fiveOPdevel stationsn the 2000s subarragnd

grouped the 4100 and 4850 stations in the 4000s sub8ualy.systematic differences

are expected due to nesurface effects thdtave beeknown to complicateseismic

array processing since the early VELA UNIFORM experiments of the 1960s
(REFERENCES). To produce eashibarraystack,we used an arralyased cross

correlation algorithm to aligeignals prior to stacking (Pavlis and Vernon 20T@pical
correlationwindow lengths were-2 s for the local mining blasts and-20 s for the
teleseismic eventThe stacked signals of the 3 subarrays were then manually aligned to
producethe figures shown.
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Figure 6: Displacemenf? Velocity?] seismograms from adaskan earthquakeecorded
by theHomestake 3D array. (a) illustrates the three components of subarray stacks

[Commemed [VCT31]: Please confirm which it is.

)

defined in the text. (a) shows the first 2 minutes of the data following the P wave signal.

These data weriltered witha 0.01 to 2 Hz bandpass filter before stacking. The P wave
of this event is much smaller than the pP phase seen approximately 25 s after P (event
depth is 120 km and distance is 33°). (b) shows a shorter time window focused on only
the P vave (6 s following measured P time). All plots are true amplitude meaning
amplitudes differences between seismograms are real. In all figures the seismograms
have been aligned by cross correlation before stacking. Stacks are aligned manually.



