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Abstract

The use of temperature logging for identifying water flow through fractures in sedimentary rock has
declinedsince thel 9 6 0 6 s paimadily becadss dbw sensor resolution and cressnnected

flow alongthe boreholeAlthoughsensoresolutionhas improved tthe order of 18 C4for several
decadestemperature logging has not experieha@otableincrease in pogarity. This thesisstudies
these and othefundamental limitationso theapplication of boreholeemperaturdogging for

identifying flow through fractured roc¢landtess the hypothess that thelimitationscan be overcome

presentsiewmethods for acanplishing that goaland increases the applicability of the technology

Althoughsomeconventional opetnole testinge.g. flow metersjely on verticalcrossconnected

flow in theborehole annulus tidentify transmissive fracturethe flowis recognizedo both distort
openhole temperature logs affekilitate chemical crossontamingion. Removable polyurethane
coated nylon liners havecentlybeen deelopedto seal boreholeandminimize cross
contamination.High sensitivitytemperaturéogs collecéd in the stagnant water coluraflined
boreholeainderdifferent hydrogeologic conditiorteereinshow the degree to which cross connected
flow can mask important flow conduits and thereby distort the interpretation of which fractures
control flow. Resuls from the lined holes consistenkad to identification omore hydraulically
active fractures than the opénle profilesand a improvedqualitative ranking otheir relative

importanceto flow consistent with contaminant distributioolsservedn rock core

The identification of flowin fractureswith temperature logdepends otthe presence @temperature
contrast between theaterandthe rock matrix to create an aberratinrihe otherwise gradually
varying profile Atmospherically drivertherma disequilibrium commonly only extends several tens
of meters from surface and dissipates with depth, making temperatures/iyggble assessment of
flow that is depth limited tthe heterothermic zon&he active line source (ALS) methaseries of
temperature logs measured before aittin a day afterthe water column adlined boreholes

placed intahermal disequilibrium with the broader rock masth a heating cables shown to
provide two advantages. Firgie methockliminatesthedepth Imitationallowing flow zones to be
identified below the hetrhomothermic boundargnd secondhe qualitative assessment of ambient

water flow in fractures is improved throughout the test interval. The identificatitbre thow



conduits is supported liie combineavidencdrom visual inspectiorf core rock contamination

profiles,acoustic televiewr logsand tests for hydraulic conductivity using straddle packers.

A newdevice the thermal vector probe (TVIB) presented. ineasures the temperaturfethe

borehole fluid with four high sensitivity temperature sensors arranged in a tetrahedral pattern which is
orientated using three directional magnetometers. Based on these, the totaldhedtieat its

horizontal and vertical components as welltesdirection and inclination are determined, typycat

less than 0.01m intena&lComparison off VP data collectedn lined boreholesinder ambient

conditions (thermal and hydraulic) as well during thermal recovery after ALS heating demonstrate the
reproducibility of the result@andsuperior characterization of thermal aberrations indicative of flow
relative to single sensor temperature dakadetailed comparison of subdivisions in the thermal field

to the vertical changes in the hydraulic gradienasoeed from three nearby high detail i€ port)
multi-level installations demonstraté®e interrelationship betwedaydraulic andhermal fielés and

thereby the potentiddenefit ofthe TVP in hydrogeologic investigatians

Developng confidence inheuse ofboththe TVP and ALS techniques in lined holedieson
demonstrating theeproducibilityof results consistencyvith observationgrom other technologies
andnumerical simulation. Comparisons of field data with highly detailed numerical siondatsing

the program SMOKERhowsthattheinfluence of water flow in a fracture around a lined borehole on
the temperature patterns is complex axidrs such as convection likéhfluencethe shape of the
thermal aberrations observedodel resultsuggestthat the temperature aberrations are relatéaeo
volumetricwaterflow, a distinct loweresolutionlimit exists pproximately5.6x10” m*/secper

metre across the fractyner/s), and although flow above T@n%s is readily detectable, prospefor
guantificationof higher flowsarepoor. Somefield data indicate the numerically determined lower

limit is conservativeandthe details of the limit requiredditional study

The aspects of temperature loggmigtoricallylimiting applicability for detecting and comparing
flow throughdiscrete or groups dfacturesin rock areherebybetterunderstood andonsistently
overcome. he high level of detail achievéd the datahighlights the complexity of the systeand
offers opportunities for furtar refinementThe TVP and ALS technique applied in a lined borehole
promisebothnew insights intpandpotentialfor quantification of ambient groundwater flow through

fractures inrock.
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Chapter 1

l ntroducti on

1.1 Hydrogeologic Investigations of Fractured Sedimentary Rock 1 A Broad
Perspective

Characterizinggroundwater flow through fractured sedimentary rock is a key concern as much of
the world relies on the r 8eakowtz,20@). Theobulkafthes 6 dr i nki
water flow occurs in fractures or thin zones of high permeability (Quinn 2DW/Estigations
exploring water supps generallyocus on identifying major flow zoneslowever when dealing
with groundwatercontamindon in fractured rockcharacteriationof the smalkést flow conduits
becomesmportant because the slow ambient movememtadér therein controls chemical diffusion
initially into, ard later out of, the rock matrigParker1994. Hydrogeologic ield investigatiors at
contaminateditesare lagely directed towards identifying flow zonescurate sampling of
contaminant distribution, developing a site speditinceptual model amaften anumerical model for
predictionof future contaminant distributiodmong the most important limitations thfese
predictions is the need for improved geophysical characterization of the rock mass and the

groundwateflow through it (Berkowitz2002 Neuman 2005.

Detectionand measuremenf groundwater flow in fractured rock is a particularly difficulbblem
andhistoricallytherehas beemo established techniqueittentify ambient flow(i.e. flow that would
occur without the presence of a boreholdde conduitsfor flow can be inferredisingborehole
techniques that identify fractures suchr@sk core,caliperlogsor acoustic televiewer (AT\mages
the mtential for water movement is basedidentifying available transmissivity (straddle packer
tests, various flowmeter logs and opemole temperature profilesandevidence of gor flow can be
idenrtified by rock core chemistrjHowever there remain inconsistencies between itierredflow
zones interpretefitom these varioutechniqus becauseach measesa different characteristic of

the systemeachwith individual limitationsand assumptiongor examplethe group of techniques
thatidentify potential flow paths cannoonfirm how much if angroundwater flonoccursbecause
thesedo notassess interconnectedness or the presence of a hydraulic gralthenigh drilling
techniques canrpvidea rock coreto visually inspect and in some cases evidence of flow identified
recovery can be poor in highly fractured zones and geologic logging of discontinuities is subjective
particularly when the flow zones relate to thin zones of inordinatelygegineability (e.Ai v u g gy

layer® .)Caliper logs measure borehole diameter but have finite limits to the aperture of a
1



discontinuitythat can be detected and cannot differentiate fractures from voids. Similarly, although
ATV logs provide both an improvedrientated resolution of borehole diameter as well as an acoustic
image of the borehole wall, the differentiation of fractures from other irregularities (e.g. those caused
by drilling) can be subjectivand again resolution is limitedd. toa few mm) Although all these

techniques provide an interpretation of fractunesme confirm current ambient groundwater flow.

Paillet 000 and otherdave realized advances in measuring changes in vertical flow moving
through open boreholes and thereby charaetéflow from the holento and out of the rock mass
However,deviceshat measure water movement in an open hole such apuisatflow meters or
impellers have limited ranges of operation. More criticaltgse techniques require a vertical
hydraulc gradient to ausethe flow through the boreholer use pumping to create,ignd since the
interpretation involvesneasuring cresconnected flow, iprovides little information fronthe
perspective of resolving lateral flow under ambient conditiSttaddle packer tes{eg Quinn et al
2011 Novakowski et al 2005 measure the transmissivity of the formation over a set intesviah
combined with fracture frequency data provide a fundamental indicator of the potential for flow
Thesearegenerally &éher conducted over relatively brog8-10m)spansand therby lack resolution
or whentestinterval gansare reduced, time consumirig either casgthese testkeawe large

portions of the borehole op@&rhich candistort theflow regime A newer form é transmissivity
testing, FLUTe profiling Keller et alsubmitted, pressurizes the entire borehole and measures the
ability of the rock mass to accept water as the hole is systematically sealed from the tophdewn
methodshows promise of higher vergiktresolution andnproved implementatiospeedbut has not
yet been fully assessethese pressure and flow based tafitmeasure the ability for flow to occur,
but not the degree to which it exists under ambigdtaulicconditions.Rock core chemisy
techniques (Parker994) provide a highly detailed analysis of thistoric flow of contaminated water
but the results are not necessarily representative of current conditions apglib&tion of the
technique idimiting to within the extenvf acontaminaniplume Together these mutually
complimenting techniques provide a suite of tools for hydrogeologic investigattbaupport of
numerical simulationsf contaminatedracur ed r ock sites referred to as
network approach (DFN0 descri bed by Parker et al. (2011).

Thework herein reporteihvolves the role of temperature logs, measuring the temperature of the
borehole fluid, irthedetection and characterization of groundwater flow through fractured
2



sedimentary rockTemperaturdogswerethe original method of inferring fracture flow, butvea

since(until recently)become of limited importance in these investigations.

1.2 Background - Evaluation of Temperature Logging

Althoughtemperature profileare reported to have beeollectal in water wells by James D.
Forbes and William Thompson (aka Lord Kelvins e ar | y a s(Burchfield, &®i75)jthel 8 0 0 6 s
application of the technique for identifying flow in fractures is sparsely discussed in the
hydrogeologiditerature untilthelate 1960s Trainer(1968 recognized thalow zonesin dolomitic
rocks of the Lockport formation (Niagara CourityY.) createdabrupt offsets in temperature profiles
of boreholes. &asonal variationi® surface temperatures propagatitogvnwardwith cross
connected flovwithin boreholes provided the thermal disequilibrium that allowed flow zones to be
interpretedand Trainer laterally correlatehese features over the span of a kilometer. Conway
(2977) improved the identification of flow features by cédtng the thermal gradient overfew
metres whictenhanced correlation between borehdfes/s and Brown (1977) noted that lateral flow
through fractures moving from an injection well creatissrete aberrations (peaks or troughs)
temperature profie Drogue (1985) superimposed seasonally varying thermal profiles from the same
borehole to depict a cone of timdependentariability the width of whichdecreassfrom surfaceand
identified a characteristic bounddrgyond which the temperature is stetdnd gradually increasing
with depth. Drogue designated the shallow thermally variable portion of the profiles as
Aheterothermico, the daackidqertifiedthecboundary Imetveen theotwooat h e r mi

approximately 25m imnexample from Souttrn France.

The identification of tbw based on discrete aberrationgemperature log&as subsequently used by
many (e.gSillman & Robinson1989 Malard & Chapuisl995 Bideau & Droguel 993 Robinson et
al,1993andGe 1998 but commonly thie identification ofthe thermal aberratiorssiffered in the
presence ofertically crossconnected flovalongthe borehole Although fluid temperature logs are
regularly collected in a typical geophysical logging suite through fracturedthaaielianceon the
techniqueglbased on the number of citatiotslswaned the data has become of secondary value and
is rarelyemphasizedh deference to several other techniques such as flow migtetlectrical
conductivity FEC) logging, and a variety of transmisgivimeasuring methodn a review of the use
of heat for groundwater insights Anderson (2005) cited over 200 references of which only seven

focused on identification of flow boreholeghroughfractured rock.
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Pehme et at (2@ ChapteR) attribute thedeclining reliance on temperature loggfiog providing
identification offlow through fractureso two primary factorshistorically poor resolution of
temperature probgsintil recently sensors could not resolve variations of less thad)Qdid the
negative effects of borehole hydraulic crasmnection (e.g. Bidaux and Drogue, 1993; Robinson et
al.,1993; and Genthon et al., 2005). The effects of borétyolewliccross connection are a
ubiquitous problem influencingnanyforms of testing in open bdmeles through fractured rockor
example Price et al (1993) and Sterling et al (2005) demonstrateidntrectsof hydraulic cross

connection by showing substantial differences between ambient and cross connected hydrochemistry.

These fundamental limitatns to the application of temperature profiles in fractured rock have now
been overcome. The resolution of temperature probes used in borehole loggmgroasdto the
order of 0.001 €(e.g.Greenhouse and Pehn2§02;Pehme et al, 20@7 Berthold andBdrner,

2008) which greatlyenhanceshe detection limit®f flow from temperature log) Methods for
restricting the hydraulic crosonnection in boreholes with polyurethane coated nylon sldexes
been developed (Cherry et. 2007) and preliminaryests of temperature logs collected witthese
presentedGreenhouse and Pehme, 20B2hme et. al. 200J.

1.3 Hypothesis

This thesis investigates the applicability of temperature logs for the identification and characterization

of groundwater flow througtliscretefractures or fracture zones ock. It hypothesizes that:

fithe fundamental limitations oémperature loggingan be better understosdch thaprocedures
and interpretatiotechniqguexan be refine@énd new processes developedtprove dete¢dbn and

characterization ojroundwatef | ow i n fractured rock?o.

To determine how temperature techniques can be advanced, it is cribetteitmnderstand the

existing limitations that have causthe technique to fall from favor. Sensor resolutioresfirst

fundamental limitation, buhis issuéds in the control of manufactureasidhas largel\beenresolved
Sensorresolution is herein addressed only as a byprodu@atldftestsa nd manuf act ur er 0s
confirmed This thesisconcentrates oothe fundamental limitations in the application of temperature

logs and presents methods for overcoming those. It examines



the issue of crossonnected flow in an open borehole, the implications on interpretation of
fracture flow from temperatudegs (as wdl as other techniques) amehat improvements are
realized bydata collectionn a lined boreholgvhere the influence of the borehole on flow
distribution is removed

the thermal disequilibrium that is created by water flow through fractures and thaifsw
detectable by way of temperature lofjee depth and resolutiolimitations imposean the
identification of flowby the need forthermal disequilibriunare examinednd the adaption of
the Active Line Source (ALS) as a method for creating and dbntydt is presented

a new devicas developed and testetthe thermal vector probe (TVIB)designed to measure
the direction and magnitude of the temperature firelsheffectively continuousnanneralong
the length of the borehole. The TVP is usedxamine the relationship between the
hydrogeologic regime and the details of the temperature field

theseadvancestemperature logging in a lined borehole, creating thermal disequilibrium with
the ALS and detailed measurement of the thermal field witiT¥P, are simulated

numerically to improve understanding of the implications of the physical properties of the

system on the detection of flow with temperature techniques. Two key issues are examined in

detail with numerical modeling; identifying and cheterizing the implications of borehole
convectiondue to temperature gradientise variation of the thermal response vifta

magnitude ofvaterflow through a fracture.

The results of these investigations and the implications on detection of waténrbmgh fractured

rock are summarized, recommendationsafdditionalwork presentedand conclusions drawn

1.4 Thesis Structure and Components

The original design of this thesis waseaiesof modularpeer reviewed manuscripts, with an

introduction and ow&ll summaryconsolidatinghe assembly into a single documenhe technical

chapters (5) address the key components of the study outlined:

1. General Introduction
2. Avoiding Crossconnected Flowvith temperature logging iliner

3. Creating Thermal Disequilibmi The Active Line Source Technique
5



4. Measuring a Thermal VectdrTemperature Vector Probe
5. Understanding Fracture Flow Effects on Temperature Ldgedeling Results
6. Summary, Overall Conclusions and Recommendation&dditional Research

Other origindworks by the author that provide supplementary investigations supptiré primary
effort of the thesis are included as Appendixes. These include a conferencequapeenting the
need for high data density and slow logging sp#ealfinal report oain independent studies course
on numerical modeling and a technical noi®e submitted for publicatiatescribing a new method
for processing hydrogeologic data from multilevel monitbtfnor amounts of text in the main
document borrow from these app@®d and ar@entified by italics.

At the time of submittal chapter (2) hlasen published in a referred jourf@ehme et. al. 2010)

Other chapters (3, 4 arkppendix C) argrepared fojournalsubmittal angpeerreview.Chapter 5 is
intendedtobedivded i nto two components, fAconvectiono al
to consideration for publicatiofrollowingthe original intentchapters 2o 4 (inclusive) are

presented in theitompleteform. Each includes abstract, figures, referemaesdl supplemental

materialto beprovided to the journal. To maintain modularity some duplication of references and

figures occurs. Figure numbers have been altered to rbfidethapter and original individual

document reference.



Chapter 2
| mproved Reodl Atmbo ent Fl ow t hrough Fr

Temperature Logs
P.E. Pehme, B.L. Parker, J.A. Cherry and J.P. Greenhouse

2.1 Overview

In contaminant hydrogeology, investigations at fractured rock sites are typically undertaken to
improve understanding of tiecture networks and associated groundwater flow that govern past
and/or future contaminant transport. Conventional hydrogeologic, geophysical and hydrophysical
techniques used to develop a conceptual model are often implemented in open boreholes under
conditions of crosconnected flow. A new approach using higisolution temperature (£0.001°C)
profiles measured within static water columns of boreholes sealed using continuouinfleaéet,
flexible |liners (FLUTeE) uredundetambiene(sturaly dr aul i cal I
groundwater flow conditions. The value of this approach is assessed by comparisons of temperature
profiles from holes (10@00 m deep) with and without liners at four contaminated sites with

distinctly different hydrogeologicanditions. The results from the lined holes consistently show

many more hydraulically active fractures than the epae profiles, in which the influence of

vertical flow through the borehole between a few fractures masks important intermediary flow zones
Temperature measurements in temporarily sealed boreholes not only improve the sensitivity and
accuracy of identifying hydraulically active fractures under ambient conditions, but also offer new
insights regarding previously unresolvable flow distribugionfractured rock systems while leaving

the borehole available for other forms of testing and monitoring device installation.

2.2 Introduction

Fractured rock studies aimed at understanding contaminant transport have been in progress for many
decades, promed initially by proposals for creation of deep underground nuclear repositories and
stimulated more recently by the prevalence of contaminants in bedrock aquifers at industrial sites. In
the quest to achieve better understanding and predictions of coatain@havior in bedrock, greatly
improved characterization of groundwater flow in fracture networks is widely desired (e.g., NRC

1996; Berkowitz 2002; Sara 2003). In a recent summary of the state of knowledge concerning

groundwater flow and solute migratiin fractured rock, Neuman (2005) indicates the need not only

7



to identify dominant discrete fractures but al sc

range of sizeso.

This paper focuses on the use of temperature measurements (i.e., te@peddiling) in boreholes

sealed with removable liners to improve identification of fractures that are hydraulically active under
ambient (norcrossconnected) conditions. Davis (1999) summarizes the early work of Humboldt and

Arago in the mid 1800s usirtemperature profiles to describe groundwater flow, hot springs, and

geothermal energy resources. Prensky (1992) summarizes the subsequent expansion of temperature
measurements into other aspects of earth sciences and subsurface hydrogeology. An@&json (20

provides a recent review of the use of heat and temperature measurements in groundwater science,
indicating initial applications beginning in the
temperature profiles to investigate groundwater flolwadrock fractures. He traced major laterally

continuous bedding plane fractures in a carbonate rock aquifer for several hundred metres by

correlating inflections in opehole temperature profiles. Drury (1984), Drogue (1985), Silliman and
Robertson (1989xnd Malard and Chapuis (1995), among others, provide field examples using open

hole temperature profiles to identify hydraulically active fractures. Bidaux and Drogue (1993)

compared hydrochemical dilution profiles with temperature profiles at a frdatarbonate rock site

and found temperature profiles worked well for the identification of high flow zones, but not low flow

zones. These authors and also Robinson et al. (1993) identified two limitations to the usefulness of
temperature profiles for iddfhting hydraulically active fractures: vertical flow in open boreholes,

and inadequate temperature probe sensitivity. The limitation due to the low resolution of temperature
measurements has since been overcome. Genthon et al. (2005) used thermigkirstirdies that
resolved temperatures to 0.01 AC, concluding d@dhi
the details of the signal és thermal wvariations ¢
Greenhouse and Pehme (2002) and Pehrale @007a) used improved temperature probes to show
repeatable borehole log variations of a few thousandths of a Celsius degree.

To avoid the adverse impacts of vertical flow in boreholes due to cross connection between fractures,
temperature profilesave been measured in the static water columns inside water filled steel or PVC
pipes (e.g., Keys and Brown 1978; Ferguson et al. 2003). Another approach involves permanently

embedding sensors, most recently fibre optic temperature measurement in gronsanliside



boreholes casings (e.g., Henninges et al. 2005) sealed in the rock. However, these approaches are rare
because dedicated boreholes are expensive and prevent boreholes use for other purposes. Fibre optic
temperature measurements currently hamédd resolution (Wisian et al. 1998) and embedding

individual temperature probes in grout becomes prohibitively expensive when a large number of

probes are required to produce the very detailed vertical resolution necessary for identifying fractures

at rumerous depths, which is our focus in this paper.

To obtain the most useful temperature profiles, avoiding flow within the open borehole caused by
crossconnection is necessary so that measurements reflect the natural groundwater system (i.e.,
ambient flowy. However, the practical means for accomplishing this has not previously been
achieved. Consequently, temperature profiling has not become an essential or important technique in
fractured rock hydrogeology despite the many examples presented over pdssdéte approach

used in the work present here avoids the borehole-covsgection effects typical of open holes in

rock by way of an inexpensive, removable, flexible liner (FLUTeTM, www.flut.com) used for
temporary borehole seaBigure2-1). Cherry et al. (2007) introduce the various forms of the FLUTe
liner and provide a detailed discussion supporting the assumption that the liner creates a good seal.
They provide three forms of evidence: visual (video data), multilevel dettad and a test by

Bradbury et al. (2007) comparing hydraulic head data from a FLUTe multilevel installation with
nearby buried pressure transducers. Once installed, these liners perform as continuéaateder
packers, providing a static water goin that takes on the ambient temperature distribution of the

rock surrounding the borehole (Pehme et al. 2007a).

I n this context, an fAambientodo flow system has gr
of the open borehole, and therefore the flawagning the temperature distribution should also

control containment transport in the fracture network. For the temperature profile obtained from the

static water column to be useful in identifying fractures where groundwater flow occurs, the water in
thefractures must be in thermal disequilibrium with the surrounding rock; if not, the temperature

profile represents the ambient geothermal gradient and is not useful in detailed fracture network

studies.

Pehme et al. (2007a) conducted temperature profililgo lined boreholes in a dolostone aquifer to
measure thermal dissipation in response to heating the entire static water column inside the liner
9



(known as Active Line Source (ALS) Logging). Though their primary purpose for temperature
profiling using hating was to determine the thermal conductivity of the rock, they note the method
offers potential for identifying fractures with active groundwater flow. This paper is an assessment of
this potential, whereby we examine high resolution temperature peoifiiside both lined and open
boreholes and assess the ability of this method to improve identification of hydraulically active
fractures under ambient groundwater flow conditions without reliance on the ALS heat source.

Our goal is to extend the capalyiliif temperature logging to discern many more hydraulically active
fractures than currently possible using conventional temperature techniques with emphasis on
ambient flow conditions. Within this process, we present the utility of (i}-pags filteringo

emphasize short wavelength variability that may be associated with fracture flow, referred to here as
Avariability |l ogso; and (ii) the comparison of t
referred to here as tacolecedfgpmaboehple drilled feughpar e s ent d e
dolostone aquifer in Cambridge, Ontario, (UW1) as a detailed example of our approach and
procedures in comparison to conventional temperature logging. For comparison, temperature

profiling was completed in marof the same holes with the liners removed. In several of the lined

holes, the profiling was done on multiple occasions spread over weeks or months to determine
whether temporal variations provide additional evidence of active fractures. Temperatlirgprofi

and related measurements have been conducted in over 25 other lined holes in fractured sedimentary
rock at four contaminated sites: two in Canada and two in the United States. Selected data from these
other sites are introduced to show our conclusimasot unique to the Cambridge dolostone and
illustrate a range of responses, including one example showing effects of a leaking liner. The details
of the four boreholes discussed herein are provided in the supplementary text (Table S1). The
boreholes dected to demonstrate the lined borehole method were also subjected to many other types
of data acquisition including geological logging of continuous core, rock core contaminant analysis,
other borehole geophysics, flow metering, straddle packer tedtspatinuous hydraulic

conductivity profiling. Select data from these other methods are used to establish hydrogeologic
context for the temperature measurements and demonstrate the interpretations from temperature are

consistent with and add value to othelevant data.
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We present many types of data pertaining to fractures and the different meanings associated with the

term Afractured must be distinguished. Fracture

visually in rock core or televiewebehole imaging. These discontinuities may or may not be
hydraulically transmissive or interconnected with other discontinuities. Also, the presence of fractures
can be inferred by hydraulic tests or induced flow activity in the absence of other types of
information. In summary, identifying fractures having flow under ambient groundwater conditions is
essential to understanding contaminant transport and these fractures are not necessarily those
interpreted from hydraulic tests or by imaging open boreholes.

2.3 Cambridge Open-Hole Data and Interpretation

As a consequence of releases of the pesticide
the subject of extensive investigation, initially by consulting companies (e.g., Carter et al. 1995) and
morerecently by researchers at the University of Waterloo. Perrin et al. (2009) describe the
hydrogeology of the general area and the site. The facility undergoing investigation is the only local
site in Cambridge known to have handled metolachlor. UW1 wheddait a location where a

stratigraphic window in the overburden is believed to have allowed the contaminant to enter the
dolostone (Carter et al. 1995). This facility has no history of TCE use; however, the property lies
within an industrial area and eglses are suspected to have occurred creating a TCE source for

bedrock contamination 26800 metres up gradient of UW1.

Figure2-2 provides a suite of conventional opeole data collected in borehole UW1 at the

Cambridge site. Ris information is typical of what might be available for interpretation of flow and

the planning of a multilevel monitoring system installation as part of a contaminated site
investigationFigure2-2 includes the general strgtaphy (2a) intersected by UW1 as interpreted

from continuous core, a natural gamma log (2c) collected from within the 150 m deep, 10 cm (4 inch)
diameter open borehole, and a virtual caliper profile (2)) based on the average travel time calculated
from aFAC40 (Advanced Logic Technologies, ALT) acoustic televiewer (ATV) log. The geologic
sequence at UWL1 is typical of Cambridge and the surrounding areas. The uppermost bedrock units
are relatively flalying fractured dolostones of the Guelph and Lockparnggions that overlie the

Rochester shale. Based on the gamma log, the dolostone has relatively uniform, low clay content with

me

the exception of the argillaceous AEramosaodo memt
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formation. The Eramosa is recogmikzregionally as a laterally extensive horizon, with a gamma
signature readily distinguishable from other dolostone units above and below; in some parts of the
region, it is considered to be an aquitard, but not in the study area. Groundwater flowoloshene
aquifer occurs in fractures and is controlled by several pumping wells surrounding the site (the closest
is approximately 900 m south). The pumping wells are open from just below the bedrock surface
(approximately 1580 mbgs) to depths between&@d 100 mbgs. In a nearby multilevel installation,

the hydraulic head near surface is higher than encountered at depth, inferring overall downward flow
through the dolostone aquifer. The hydraulic head levels across the aquifer typically fluctuate by
almog a metre over one week cycles due to municipal pumping in the area. Perrin et al. (2009) show
evidence of karst features in the dolostone but conclude that although karst channels have local
influence, they generally do not govern the ground water fleteayand contaminant distributions

in the Cambridge area.

Straddle packer tests were conducted at 2.2 m wide intervals through the length dFigwe (

2-2b). All of the intervals tested are interpreted to have bulk hydraulidumtivity above the method
detection limit of 188 m/s and several zones of elevated hydraulic conductivity exist throughout the
borehole (e.g., 174, 189, 212, 226, 235, 249, 254, 272, and 278 masl). Numerous rock core samples
(cylinders with 38 mm diametend 4670 mm length) cut from the larger core were tested in the lab

for rock matrix permeability, and results consistently show hydraulic conductivity values much below
the lower limit of the packer tests. Visual inspection of the larger core specomests the effect

of anisotropy is small. Comparing the results of rock core permeability tests against packer tests leads
to the conclusion that either individual large aperture fractures or numerous smaller fractures with
substantial combined hydrautionductivity occur within many of the tested intervals, and therefore

abundant potential for ambient ground water flow exists.

We use the irregularities in the borehole diameter, represented by the virtual caliper calculated from
the ATV travel time Figure2-2j), as a convenient representation of geometric fractures for
comparison with other opédmle data, acknowledging the pulse width of the probe limits the

resolution of discontinuities on the borehole wall that are less3tinam (ALT 2002). While

recognizing that the drilling process can increase the apparent fracture aperture at the borehole wall,

given the competency of the dolostone and the scales at which the data herein are compared, any such
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enlargement is likely incagquential to this discussion. The ATV data show a higher fracture
frequency above the zone at 235 masl than below. As well as identifying several large fractures, the
ATV data indicate numerous smaller potential discontinuities of varying aperture.nothble
characteristics in the ATV data are a large void immediately below the bottom of the casing at 278.56
masl| and the scarcity of irregularities between 174.5 and 192.5 masl. The size and frequency of the
irregularities in the ATV data generally, budt always, correlate with zones of elevated hydraulic
conductivity measured in packer tests. Obvious exceptions are the presence of two zones of hydraulic
conductivity above 1% m/s (at 188 and 210 masl) within a portion of the borehole having relatively
few and small fractures as well as other more severely fractured zones with lower hydraulic
conductivity. Inconsistencies in the correlation between the ATV and packer tests are expected
because the ATV does not distinguish between permeable and implerfneetores, and cannot

detect very small aperture fractures.

Variations in vertical flow in UW1 under opédmole conditionsKigure2-2i) were measured on

December 4 and 5, 2004, using a Mount Sopris model HFP2293 heat pbiseNdeasurements

were made at 1 m intervals starting from the bottom and moving up, with the probe kept stationary at
each test location. At each position, the instrument was allowed to stabilize prior to measurement and
as many as four readings were tak®gonfirm repeatability of the results. The heat pulse flow meter
data could not be interpreted above an elevation of 238 masl| because the responses were either too
irregular to differentiate a single pulse or entirely flat. Given the large downwariemgacheasured

in two multilevel monitoring installations 8 to 10 m away (Perrin et al. 2009), the most plausible
interpretation for the poor data quality is that the borehole is not stagnant above 238 masl but rather
has high flow, dominantly downward apdssibly with a horizontal component, beyond the

measuring capability of the heat pulse probe. From 238 to 193 masl, the flow decreases through a
transitional zone that is interpreted to have many fractures, the majority of which act as minor drains
or ouflow points along the borehole. Relatively low flow occurs below 193 masl with the exception

of two tests just below 177 masl. This zone of low flow correlates with the portion of the borehole
where the virtual caliper log indicates only a few fractu@aserall, the heat pulse flow meter data

show strong downward flow entering the open borehole just below the casing with much of this water

exiting at or near 238 masl.
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The open borehole temperature logs at UW§yre2-2d) werecollected in December of 2003 and
again in January of 2004 with a BMP04 temperature probe manufactured by Instruments for
Geophysics Corporation (IFG) of Brampton, Ontario. This probe measures the water temperature
with an accuracy of 0.1 °C and resoluation the order of 0.001 C° (IFG 1993; Greenhouse and
Pehme 2002; Pehme et al. 2007a, 2007b) with a time constant of approximately 1 s (Blohm 2007).
The borehole water column was allowed to stabilize undisturbed for several days prior to collecting
data toavoid thermal disturbance due to drilling, other geophysical logging, hydraulic testing, or in
some cases, liner removal. The temperature was measured while downward logging at a nearly
constant speed between 0.5 and 0.7 m/min and the system recordiaajaawa rate of 2 Hz. The
results were subsequently splined andampled to convert the data set to a constant depth interval
consistent with the nominal raw sampling distance (0.005 rRifre2-2d). To highlight small

scak irregularities and variability, common practice is to calculate a thermal gradient profile from the
temperature datd{gure2-2e, f), in this case as the difference in temperature over a vertical distance

of 0.1 m, reported innits of °C/m.

The basic premise for the interpretation of a temperature profile is that below trsirfaae,
environmentallyinfluenced, heterothermic zone, the spatial variation of temperature in a relatively
uniform medium such as solid rock shoblkla reflection of the very gradual regional geothermal
gradient. The thermal conductivity of rock is typically 2.5 to 5 times that of water (Bejan 1993) and
therefore, without annular flow, stagnant water in a borehole will not facilitate vertical heat
conduction faster than the surrounding material. Furthermore, the only mechanism available to
perturb the uniform geothermal gradient is the transport of heat by groundwater movement through
flow pathways. Anderson (2005) summarizes many of the effortsimia¢ing broad scale recharge

and discharge using heat as a tracer. In rock where the water movement is primarily in fractures,
narrow aberrations (either positive or negative) in the temperature profile measured in a borehole,
devoid of any crossonnectdn, are expected to be the result of water flow in fractures. Molson et al.
(2007) use a numerical model to test the conceptualization of detailed temperature variations caused
by flow in fractures as described above. In simulations of a fractured raeksy#here seasonal

surface temperature variations typical of the Cambridge study area were invoked, they found
numerous temperature variations of magnitudes similar to the measured temperature profiles

presented in this paper for flow in a network of martgrconnected hydraulically active fractures.
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The only other mechanism that may cause thermal disequilibrium between the water in the borehole
and the surrounding formation is convection, a potential occurrence when the temperature of the
borehole enviroment increases with depth. Sammel (1968) addressed convection within a cased
borehole and showed that within an¢h (10 cm) well at water temperatures of 10 to 15 °C,

convection should be anticipated at critical temperature gradients of approxima@ay & 0.0065

°C/m. Pehme et al. (2007c) show readings at the Cambridge site varied by less than one hundredth of
a degree Celsius over a one week period where the gradients were less than 0.003 °C/m. The
variability over the same period increased with tiiermal gradient to approximately 0.035 °C where
gradients were above 0.008 °C/m. No evidence indicates convection in the profiles presented or
indicates it is a factor in these interpretations.

The gradient logRigure2-2), also referred to as the differential temperature, is a derivative of the
temperature log commonly used to emphasize short wavelength events that could represent water
movement (Keys 1989). However, when calculations are conducted over vertical spansligat hig
smallscale features such as fracture flow, the result becomes bimodal and distorts the shape of a peak
or trough anomaly. An alternative method for examining the variations within a temperature log that
represent hydraulic flow through fracturebile avoiding this distortion is to subject the data to a
simplehighpass filter to produce what is referred to
smoothed with a bogar filter with a typical window length of 5 m. Subtraction of this smoothed

fibase I ogd from the original data creates the n\
scales less than the filter window while suppressing broad features such as the geothermal gradient

and the shallow environmental (seasonal) temperatuiaieas, with minimal distortion of the shape

of the small scale anomalies.

Figure2-2 (g,h) shows the variability logs for the opleole temperature data collected in UW1. The
two openhole temperature logs were collected agpmately a month apart, and the data sets
calculated from themHgure2-2e-h) show the same basic patterns indicating similar hydraulic
conditions existed during (and immediately preceding) the two measurements. The watatlona sh
fractured zone (28290 masl) is warmer than the water deeper in the hole. Below the shallow zone,
the temperature of the water in the borehole decreases only minimally, and almost linearly, with

minor deviations to 238 masl coincident with the depltiere flow meter measurements changed
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from urrinterpretable to interpretable. The flow meter results and the temperature profiles in the open
hole are both consistent with the view that these -tyode data are dominated by downward flow

above a fracturat 238 masl, which acts as a major hydraulic drain (sink), accepting much of the
water flowing down the open borehole. The absence of variability above 238 masl suggests very little
downward flow leaves the borehole at these depths despite the fracuidient@n the virtual caliper

log. On the other hand, the variability may depend only on downward flow velocity below some
threshold value (exceeded above 238 masl). From 238 to 200 masl, the temperature decreases steadily
but with notably larger variabfly, implying flow out of the borehole into fractures. This variability is

not coherent between the two temperature logs in its-shal¢ detail, but the decline in temperature

and the level of variability correspond well to the progressively decreasimgyhard flow velocity

indicated by the flow meter. Although the details of flow into individual fractures cannot be inferred,
the decreasing downward flow velocities recorded by the flow meter in this section support the
premise of outward flow of watertimfractures, with the temperature variability possibly the result of
minor flow complexities at the fracture entrance. The only distinct deep feature in the temperature
data that is indicative of flow occurs at approximately 174 masl, near the topRif¢hester shale,

where the ATV log indicates a series of fractures, the packer tests measure higher hydraulic
conductivity, and slightly below where the heat pulse flow meter indicates downward flow increases
over a short interval. Although the majoritytbe flow occurs higher in the borehole, some water

movement is detected throughout the dolostone to the top of the Rochester shale.

In summary, although the heat pulse flow meter results and the temperature logs provide a mutually
consistent interpretatioof flow in the open borehole, there is little correlation between most of the
features identified from these techniques and the numerous (geometric) fractures identified with the
ATV or the high permeability tests measured with the straddle packertt@ntyne from 235 to 238
masl is distinguishable in all data sets, as the lower limit of high downward flow, and a zone of
elevated hydraulic conductivity and several large aperture fractures. The data related to water flow
show little indication of the lgh permeability zones or numerous distinct fractures above 238 masl.

In general, these opdmole data do not provide a datansistent basis for ranking the importance of

sampling zones and designing a multilevel monitoring installation.
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2.4 Cambridge Lined-Hole Data and Interpretation

After completion oftheopeh ol e | ogging of UW1l, a FLUTe Liner€E
m (171 masl) to prevent cresennected flow. The liner was filled to achieve a head of

approximately & m above the standing watevel in the open borehole, thus inflating the sleeve so

it presses against the borehole wall and seals the fractures. The borehole was then temperature logged
several times over a two month periéture2-3 displays a broadeset of data collected in UW1

including open and lined temperature profiles alongside other geophysical logs, straddle packer
testing, and rock core analyses to be discussed further later in thisigexe2-3(f) displays the

three lined hole temperature logs collected on February 16, March 1, and April 12 of 2004, alongside
the two operhole logs fromFigure2-2d. Figure 3(k) shows the corresponding variability logs

calculated from the respective teenpture logs. The different scales used for the variability logs are

set so as to display a similar level of apparent variability where the response in all three logs is similar
and yet fractures are anticipated (2D masl).

The portions of the tempature profiles collected above 279 and below 187 masl inside the liner are
similar to those collected in the open hole. However, with the verticalcoosscted flow restricted,

the linedhole temperatures between these elevations are cooler tharptreiode counterparts, and
large, timevarying peaks in temperature at 2380 and 253259 masl clearly identify broad zones of
ambient groundwater flow. The variability logs emphasize smaller scale anomalies within these broad
peaks, which we believe idéfy individual fractures showing evidence of substantial ambient flow.

To interpret these small scale variations relevant to groundwater flow, we look for irregularities that
stand out on individual logs and are consistently present in some fashionthweeatlata sets

(recognizing the actual shape of the anomaly may vary with time as discussed above). On that basis,
in addition to the two major flow zones, and ignoring thermal irregularities in the vicinity of the
casing, several smaller variations (éotample at 226, 230, 250, 263, 272, and 282 masl) also meet
these criteria. The features in the lifeale temperature logs vary in character with time and often the
variability logs are required to identify the most subtle features. The temperatut®nariathe

12/04/04 logs are on the order of 0.01 °C, and barely discernable on the original log. Nevertheless,

these repeatable perturbations are strong evidence of groundwater flow effects at these depths.
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All of the variability logs, both operand Inedhole, show the temperature is highly uniform and

steady below an elevation of 196 masl. Between 222 and 196 masl the temperature in the lined
borehole continues to be relatively uniform and steady with only minor variations (e.g., at 210 masl)
while in contrast, the opehole temperature profile is irregular implying some flow. In this portion of

the operhole logs, the fractures are disproportionately emphasized as the temperature of the borehole
fluid transitions from the deepest hydraulic outfloncohsequence at 222 masl to near stagnant
conditions below 196 masl.

Figure2-4 contrasts the key characteristics of water flow interpreted from the temperature profiles
collected in UW1 while both open and lined. Arrows of vangime are used to indicate the relative
amounts of flow in the major zones and differentiate predominantly vertical flow along the axis from
flow which is into or out of the open borehole, or across and around when lined. In tHeotgen
downward flow oiginating from shallow fracture(s) near the water table at 284 masl dominates the
upper part of the temperature profile. The linearly varying temperature with a low gradient is
consistent with a large amount of water moving down the open borehole, graalibrating with

the formation. There are no indications of either additional sources or outflows until much, but not all,
of the downward flow exits the borehole at 235 masl. The water that continues to flow downward
below 235 masl is warmer than tfeemation and gradually reaches ambient temperatures at 200
masl. Over the interval from 235 to 200 masl, water is distributed to various small fractures as
confirmed by the heat pulse flow meter resufigiire2-3h). The tempetare does not vary in time

(is thermally stabile) and hydraulic activity below 200 masl is not otherwise indicated with the

exception of a single inflection in the profile at 174 masl that implies some flow across the borehole.

The linedhole temperaturprofiles provide a very different perspective. Over the interval between
284-235 masl, where the opémle profile shows two flow zones, the lined hole shows at least seven
(Figure2-4). However, the importance of the differengegs beyond the number of flow zones. The
lined-hole dataftigure2-4) indicate the major flow is at 258 masl, but the strong vertical cross
connected flow makes this zone indistinguishable on the-bplentemperature profile.lthough the

flow zone at 258 masl is not as obvious in the April lthete data Figure2-4) compared to other

openr and linedhole data collected earlier in the year, it creates an irregularity on the variability log

that is comparable to the other large flow zones in the borehole. Theliakdtemperature logs
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allow for more flow zones to be identified on a consistent (repeatable) basis and a very different
interpretation of the relative amounts of water movement in the toakeare identified or in some

cases masked by vertical flow in the open hole.

2.5 Temporal Assessment of Temperature Profiles

Visual comparison dfigure2-4 4a and b indicates major flow occurs under ambient conditions at

285, 255and 235 masl. However, repetitive logging spaced by days to weeks or longer is required to
identify additional flow zones. The change log procedbigufe2-5) was developed to improve

representation of the temporal variationsemperature response. This involves assigning one

|l ogging event as the Areferenced profile and, ir
|l og described above, smoothing it to create a #dntk
environmental variations. The change log is then calculated by subtracting the base log from other

logging events in the same borehole and normalizing the result by dividing by the time span (in days).

The use of time to normalize the change is intendeahprove comparison between boreholes at a

site when logged on different days over periods of less than a month and has decreasing value when
looking at longterm changes over several months or years. Logs collected prior to the base log are
representedybnegative time and later data sets by positive time, resulting in decreases in temperature

over time being negative and increases positive. Thetknng geothermal gradient and meditenm

surface effects common to both logs are suppressed in the dbgngecentuating the relatively

shortterm temporal variations in the borehole. Shertn changes in temperature reflect a

redistribution of the groundwater temperature as a result of, for example, groundwater recharge

events or changes in the flow syateaused by municipal well pumping cycles. However, depending

upon the time between the acquisition of the data sets, the change log may include some broader scale

seasonal or environmental temperature variations.

Figure2-5Bbshavs t he UW1l #Achange | ogodo f or Figure2bbistheed bor
interpretation of the major flow zones previously presented in Figure 4, refined based on the change

log. The qualitative assessment of the re¢ativnount of flow as depicted by the size of the flow

arrows is best rationalized in the temporal temperature variation represented by the change logs, as

are the | imits of fAapparent majoro and fAapparent

the February and March temperature profiles also manifest as aberrations in the comparatively
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smooth temperature log collected in April, although they are considerably subdued and are best
depicted in this case in the variability log, demonstrating theresiolavalue of the combined use of

variability and change logs.

Numerous other small scale irregularities in the change logs are present in the individual variability
logs. For example, the small feature highlighted by purple asterisk on Figure 5 is)appalighree
independent data sets. The correlation of individual small scale features is best when the system is in
the most disequilibrium, in this case, February and March. Where polarities reverse or features exist
in two, but not three data setetmost plausible explanation is that the details of groundwater flow
have changed, possibly by variations in pumping or infiltration. Although many of theseéilee

features likely represent water flow with minimal flux, neither the size nor polaetglaays

consistent, and a better understanding of the details of the system would be required for these to be
individually interpreted. Although the details vary, the temperature logs collected in six other
boreholes at the Cambridge site under lireed openhole conditions have many of the same

features and similar implications from the comparisons drawn from the UW1 data.

2.6 Applications at Other Sedimentary Rock Sites

Although the general nature of the differences in results between lined and opefohthieze other

sites where the techniques have been extensively applied (Guelph, ON; Simi, CA; and near Madison,
WI) are similar to the differences observed at the Cambridge site, the temperature profiles from these
other sites provide important additial insights. The hydrogeology of the Guelph site is similar to the
Cambridge site including bedrock with the same geologic units, primarily dolostone. At the Simi and
Madison sites, bedrock is mostly sandstone, flat lying at Madison and dipping abatiSadf. At

the Cambridge site, municipal pumping wells are operating close to the study area, but at the other
three sites pumping wells are comparatively distant from the holes. The Simi site is on a ridge and
topography creates a strong downward hydecayradient to drive groundwater flow. Each of these

sites provides very different hydrogeologic and/or geologic conditions than the Cambridge example.
The decreasing temperature with depth throughout most of the Guelph and Madison boreholes and
the variality through the entire length of the lindwle logs in the three data sets suggests all are in

a state of thermal disequilibrium to the depths drilled. Similar to the Cambridge site, the two most

important aspects to examine for these other threessgaebe number of hydraulically active
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fractures apparent from open and lined holes and the differences in relative importance assigned to
particular flow zones under creassnnected (open) and ambient (lined) conditions. Further discussion
of the Guelph ige follows, while data and details of the Simi and Madison diiggi{e2-7S, and

Figure2-8S respectively) are provided as electronic supplementary information.

Figure2-6 displays examples of opeand linedhole temperature profiles from the Guelph site
including arrows of varying size, representing relative amounts and direction of flow using a
consistent color scheme (red for ogeale and blue for linetiole) along with gmma logs. For the
Guelph site, heat pulse flow meter data and a caliper log derived from the acoustic televiewer are also
displayed Figure2-6). The openand linedhole temperature profiles from the Guelph site are similar
in general characteristics to those from the Cambridge site, indicating overall consistency of the
groundwater flow systems at the two locations. The dyde temperature data collected in Guelph
indicate water entering the borehole at approximately 325 ara$hlalthough intermediate

perturbations are present in the logs, the flow is dominantly downwards and exits at 261 masl. The
openhole variability logs are for the most part mutually consistent, but with poor correlation between
the fractures identifiechithe ATV virtual caliper or the flow meter data and the epele

temperature results. In contrast, although khetk temperature logs appear uniform below 320 masl,
with a single bulge deep in the dolostone, the variability logs display humerousairitigg.

throughout the borehole that are highly coherent at amplitude levels of-@egrde or less,

indicating many fractures with flow exist. Peaks in the variability log (negative and positive) coincide
with most geometric fracture zones identiffeain the ATV virtual caliper. The interpretation of the
lined-hole data provides a total of ten major flow zones. These data suggest the main contributors to
the temperature bulge (ambient ground water flow) are fractures at 263 and 267 masl, but only to a
limited degree at 261 masl, the elevation at which the-bpéntemperature data suggest the major
outflow occurs. This example highlights the usefulness of the variability log in representing very
small, yet repeatable irregularities that correlate with other data sets. It also provides another
instance where the most distinctive feature in the {imald temperature data profiles presents as one
of several irregularities on the ophole profile that would be unlikely to warrant particular attemtio

in the form of additional testing or allocation of a port in a multi level installation.
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The results from all four sites indicate the liffreale temperature logs provide identification of
hydraulically active fractures down to substantial depth at siéehranging from 110 m at the

Guelph site to 155 m at the California site. In all cases, both apérlinedhole logs converge to a
common temperature at the bottom of the borehole. Investigations of many contaminated sites on
bedrock have most emphssvithin a hundred metres of ground surface, suggesting the lined hole
temperature method will likely have widespread usefulness. However, in this depth context, it is
relevant to consider whether the four sites have provided a biased impression. iRedthel¢

method to show active fractures, the temporal temperature variations occurring at the surface must be
transmitted relatively deep into the bedrock fracture network. Each of the four sites considered in this
paper has two conditions that are higfavorable for propagation of temperature disequilibrium: a
vertical component to the general hydraulic gradient causing downward flow to the bottom of the
domain of interest, nor has the overburden created a barrier to recharge by being excessieely thick
having a low vertical hydraulic conductivity. At the Simi site, the overburden is thin or absent over
much of the area; at the other sites the overburden is thin or lacking a substantial aquitard unit where
moderate in thickness. If either of these twajor factors were absent at any of the four study sites,

the maximum depth of sensitivity of the linbdle method may have been shallower, which could

render the method less useful.

2.7 Additional Evidence for Numerous Hydraulically Active Fractures

In all of the cases presented, the temperature profiles inside lined holes show many more

hydraulically active fractures than are indicated by dpae logging. Other independent lines of

field evidence, including rock core contaminant analysis, borehole Higdieats, and acoustic

televiewer logging, support the concept of a large number of fracture pathways for groundwater flow.

Parker et al. (1994, 1997) used analytical models and representative sandstone parameters from the

literature to predict that witkufficient residence time, as a contaminant moves through the fractures

of a sedimentary rock, chemical diffusion can cause a considerable amount of the contaminant mass

to transfer from within fractures into the adjacent rock matrix. VanderKwaak anck$(ti896)

confirmed the potential for the contaminant halo effect in fractured porous geologic media using a

numerical model. Parker (2007) describes the most recent iteration of a methodology wherein

analysis of closely spaced rock samples collected fmmtinuous cored holes are used to create

contaminant mass versus depth profiles, thereby inferring contaminant transport within fractures and
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consequently active groundwater flow. Sterling et al. (2005) provide an example of such a profile

from sandstonat the Simi site.

Rock core analyses were conducted for the volatile organic contaminant, TCE, and the pesticide,
metolachlor, at the Cambridge site. Returningitgure2-3, the most hydraulically active fractures
identified inUW1 based on temperature profiles are shown as blue shading alongside other
geophysical logs, straddle packer testing, and the rock core analyses thereby providing the framework
for examining all lines of evidence concerning fractures in this hole. Theafi@Enetolachlor

profiles show that although the highest concentrations exist above 253 masl, numerous contaminant
occurrences, particularly for TCE, are distributed across the thickness of the dolostone aquifer
indicating that the fracture network is vedly interconnected (Perrin et al. 2009) and groundwater
flow has occurred throughout the aquifer under ambient conditions. The straddle packEigiess (

2-3b) indicate measurable hydraulic conductivity exists in all intereanfirming that fractures exist

from the top to the bottom of the dolostone. The ATV log also confirms that the fracture density
varies with depth, but there are numerous fractures throughout most of this bdrehoie2-3m).

Although neither the packer test nor the ATV results provide direct evidence of groundwater flow
under ambient conditions, the presence of numerous fractures is consistent with the interpretation of

many active flow zones from the lindle temperaturltogs and rock core profiles.

The degree of correlation of the hydraulically active fractures as identified by thénbteed

temperature profile, rock core contaminants, and implication of fractures identified from packer tests
and the ATV log varies in fferent portions of the borehole. Above approximately 250 masl the flow
zones as indicated by irregularities in temperature are at the same elevations as the peaks in the other
three data sets and also match in relative size. Hmcence between theajor metolachlor and

TCE contaminant concentration peaks in the rock core and the irregularities within the various forms
of lined-hole temperature data in its ralxigure2-3f), processedRigure2-3g-k), and interpretation
(shading) is generally very good. The variations and changes observed to dominate-tingdined

thermal profile at 254 and 270 masl coincide with the zones of highest contaminant concentrations.
Although many of the lesser rock coreglis can also be related to aberrations in the thermal profiles,
inconsistencies remain due to an inherent difference in the nature of the results from the two methods.

From 222 masl (the limit of major change) to 250 masl, the temperature irregulaitieisie with
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the zones of high hydraulic conductivity and fractures in the ATV but relatively few rock core peaks
exist, and below 222 masl the peaks identified in all four data sets match inconsistently. However,
there is no reason to expect strong pesitorrelations between the four types of evidence for

fracture occurrences because each of these techniques measures a different aspect of the system; the
presence of an opening on an ATV log implies nothing about water movement, nor does water
dissipation under pressure in a packer test confirm water flows under ambient conditions. In addition,
the fracture network is three dimensional and therefore the borehole directly encounters only some of
the fractures involved in contaminant migration near each Wdlhough elevated contaminant levels

in rock core analyses indicate migration pathways nearby, the actual groundwater flow may not
intersect the borehole but instead be within a metre or so. The temperature profiling indicates the
hydraulic activity athe moment of profiling; when done more than once, it indicates variation over a
fixed, but relatively short, time interval. At the Cambridge site, the contaminants have been in the
dolostone aquifer for at least two decades (Carter et al. 1995) whilertiiger and pumping rates of
municipal wells has varied. Therefore, the contaminant concentrations now found in the rock core
represent the cumulative influence of diffusion into and then later out of the rock matrix blocks
between fractures over decadesaat correlation between the degree of hydraulic activity in the
fractures identified by temperature profiling and the strength of the contamination in the rock core is
not a reasonable expectation. Lastly, the absence of a chemical peak infers littlgebou

movement if the water is not contaminated.

Although the ATV caliper and straddle packer tests in UWL1 indicate potential for flow below 200

masl and the TCE peaks confirm water movement has occurred, the temperature profiles are smooth
and uniform @er time implying little ambient flow. To create an aberration in the temperature profile,
the water moving through the fracture must be at a sufficiently different temperature than the rock to
cause a detectable change. Raw temperature logs vary tempocaltding to source (surface)

temperature changes, the relative size and connection of flow paths, and the changes in driving forces
(pumping in Cambridge). Although the variability logs improve the interpretation of the flow paths,

the size of the varimns also varies over time. As the degree of thermal disequilibrium between the
water and the rock would decrease with depth, so also would the ability to resolve flowing fractures
from temperature profiles. Importantly, the ALS technique (Pehme etGda2@007b), presented as

a method for estimating the thermal conductivity of the formation, artificially creates thermal
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disequilibrium in the water column and has the potential to improve the detection of ambient flow at
depth.

This study presents thgothesis that variations in thermal energy, primarily originating at surface,
can propagate through the overburden and be transported to substantial depth by groundwater flow in
a fractured bedrock system before the temperature contrast is attenuatethbeletectable limits of

the field equipment. The temperature profiles provided are consistent with that hypothesis and no
other alternative hypothesis has been identified to explain these field results. Although the lack of
alternative explanations spgrts the hypothesis, it cannot be taken as definitive corroboration on its
own. However, there is independent support from Molson et al (2007) wherein a numerical model of
heat transport and groundwater flow in fractured rock examined the plausibtliig pfemise. The

model includes density dependent groundwater flow through discrete, stochastically generated
fracture networks coupled with thermal advection, conduction and retardation within the porous rock
matrix. The model boundary conditions and maquroperties/parameters were selected to stylistically
represent the setting and dolostone aquifer underlying the City of Guelph, ON and are also generally
characteristic of the same aquifer in Cambridge ON. In the model natural heat energy pulses are
gererated based on seasonal air temperatures and applied as a thermal flux condition uniformly over
the upper boundary surface. Molson et al. concluded that: "ground source thermal pulses can
propagate deep into a fractured rock system and appear as weadl theaomalies' within the

fractures on the order of a few tenths or hundredths of degrees." Therefore, this modeling indicates
that the use of high resolution temperature profiling to identify hydraulically active fractures, as we
presented in this papés, consistent with what is known based on the physics of heat transport in rock

fracture networks.

In the assessment of lindle vs. opethole temperature results, the linkedle data clearly provide
identification of substantially more active fractsitender ambient flow conditions. However, the
openhole data can also give a misleading view of the ambient flow system in the fracture network.
The peaks in contamination measured from the rock core data confirms fractures in the vicinity of
254 masl Figure2-3) are important for understanding contaminant migration. This same zone
dominates the linetiole temperature data yet is rendered relatively unremarkable in théalpen

temperature data by downward flow in the borehole.
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In the examples provided, and in every borehole where we have comparedraplmedhole data,
the operhole temperature logs differ distinctly from the lideale data above what would be
interpreted from the opemole results as the deepest major frext Below that point, the opdrole
logs approach and eventually match the lihetk profiles. This observation is consistent with the
premise that the bottom of an open borehole typically acts like a cup, holding nearly stagnant water
similar to the brached liner exampld={gure2-7S supporting information). A slightly deeper
borehole could intersect another hydraulically conductive fracture, rendering the higher conduit
inconsequential with regard to borehole flow, invisilddite operhole temperature log, and leading
to a different interpretation of which fractures control flow well above the limit of the borehole. In
contrast, a linedhole temperature log is independent of the intersection of deeper fractures and
provides asuperior representation of ambient conditions.

2.8 Conclusions and Implications

The high resolution temperature profiling in lined holes presented in this paper makes use of flexible
liners that are relatively inexpensive, and are usually easy to instakmode. Used alone, the liners
serve to prevent borehole cross connection, and therefore create the static water columns suitable for
the temperature profiling described in this paper. At all four of the sedimentary rock sites presented
the linedhole temgrature profiles indicate many more hydraulically active fractures and a different
interpretation of which fractures facilitate the most flow than do the-bpknprofiles. Larger

numbers of active fractures indicated in the lihedes are consistent wiindependent types of

borehole information. The comparatively fewer number of active fractures detected in the open holes
is most reasonably attributed to the masking effects of vertical flow resulting from hydraulic cross

connection between fractures.

The value of line¢hole temperature profiling is enhanced when profiling is done multiple times
separated by days or weeks. The profile repetitions allow for application of the change log procedure
and improve the potential for ranking the fractures in $eofrdegree of hydraulic activity. Opéole
temperature profiles usually identify two to five active fractures per hole regardless of hole depth. In
conventional interpretations, these fractures are typically envisioned as the dominant conduits for
groundvater flow; however, data collected from lined holes indicate they are commonly not the most

hydraulically active fractures governing the ambient groundwater flow system. Therefore, at sites
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where the goal of borehole measurements is to understand camanistributions and transport, a
conceptual model for the fracture network based solely onlogiendata is prone to
misrepresentation. Furthermore, such misrepresentations may result in the selection of the wrong
intervals for monitoring when using vielor multilevel systems and erroneous fracture densities for

discreet fracture models of groundwater flow and transport.

The temperature profiling method we have described currently has some limitations. First, in some
unusual hydrogeologic circumstancestreme hydraulic head variations over short intervals can

cause inadequate sealing of the liner along parts of the hole. This loss of seal should be easily
identified from the nature of the temperature profiles. Second, the method is not sufficiesitlyesen

to identify all hydraulically active fractures and therefore the number of fractures identified in a given
hole should be regarded as a minimum. Various independent lines of evidence at each of the four sites
suggest more, in some cases many momaulically active fractures are present than we have
highlighted in the linedhole data. Attention is now being directed at improving detection limits and
confidence in the interpretation of the smaller temperature variations as well as working towards a
guantitative analysis using numerical models to calibrate against the field data. Third, the method is
only effective if the temperature of the water in the fractures is in disequilibrium with the surrounding
rock. Thermal disequilibrium at depth requieesombination of natural or mamade influences that

create both a temperature differential (e.g., near surface heterothermic effects), and a driving force to
move the water that is in thermal contrast through the fracture system, such as rechargaabr regi
pumping. Although the ambient flow regime that drives the propagation of thermal disequilibrium

will also be one of the dominant influences on contaminant transport, at sites where the maximum
depth of interest is beyond the depth of thermal disdouuitn, the method is limited. However, the

active line source (ALS) technique (Pehme et al. 2007a) offers potential to overcome this limitation.
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2.10 Figures & Captions
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Figure 2-1 Schematic representation of the FLUTe liner installation
(from Cherry et al. 2007).
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Figure 2-2: UW1 open-hole data

Showing (a) the stratigraphic column (from Burns 2005), (b) hydraulic conductivity from straddle packer testing (m/sedla)lo@) gamma
log (cps), (d) temperature logs collected in the open borehole on 1/12/2002/@i2004 (°C), (e&f) the thermal gradient (over 10 cm) of the
1/12/2003 and 22/01/2004 temperature logs, respectively (°C/m), (g&h) variability logs for 1/12/2003 and 22/01/2004%¢ehe$pextii) the

stationary heat pulse flow meter tests (L/mamd (j) virtual caliper (mm) from travel time of acoustic televiewer data (FAC40 manufactured by
ALT Limited).
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Figure 2-3 UWL1 lined holedata.

Showing (a) the stratigraphic column, (b) hydraulic condutgtifrom packer testing (at a log scale), (c&d) TCE and Metolachlor rock core
analysis ug/L (red, quantifiable; blue, low order quantification; and green, below detection limit), () gamma log)(ph&jivé temperature
logs collected in the lined bdreles from left to right on 12/04/2004, 1/03/2004, and 16/02/2004, and open boreholes on 1/12/2003 and
22/01/2004, (g) change logs from lined boreholes on 1/03/2004 (blue), 16/02/2004 (green), (h, 1, j, & k) variabilitploge@2/12/04/2004,
and 1602/2004, (I) heat pulse flow meter, and (m) virtual caliper from travel time of acoustic televiewer data, with interpfeflatiomones
(blue shading) and limits of temporal change in flow. (Columns a, b, ¢, and d from Burns 2005)
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Figure 2-4 Comparison of basic interpretations of temperature logs collected in open and lined
borehole UW1.

Blue arrows indicate major and minor flow zones. Red arrows are lower limits of shallow flow based on
temperature vaability.
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Figure 2-5 Repeated temperature logs in FLUTe lined borehole UW1

Highlighting temporal changes: (a) linddle temperature logs, (b) change logs, and (c, d, & €)
variability logs, with inerpretation of key flow zones (blue arrows) and example of subtle anomalies
(purple asterisk).
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Figure 2-6: Data from MW24 (Guelph, ON):

a) Stratigraphy (ob=overburden, @1Guelph formation subunits, LH#ons Head, (from Perrin et al.

2009). Note that two naming conventions exist for the same stratigraphic sequences through portions of
southern Ontario (i.e., the Amabel is equivalent to the Lockport Formation), dependant on location
relative to the Algongin geologic arch that separates the Appalachian and Michigan sedimentary basins.
The geological community interprets the arch to be between the Cambridge and Guelph sites, and we
have adopted the local conventions chosen by others (Coniglio 2007); badagym) temperature

profiles (open holes shades of red, lined hole blue); d) lined hole variability logs; €) open hole variability
logs; f) change log; g) heat pulse flow meter flow; and h) virtual caliper from travel time of acoustic
televiewer data. Abws schematically represent zones of flow, amount (by size), and direction
(orientation), and are referred to in the text (red for open hole and blue for lined hole).
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2.11 Supporting Information

Additional Supporting Information mayom the online versionfahis article.

Table 2-1S: Detailed characteristics othe boreholes discussed.

Hole Approximate Depth to (m)

. . Surface | Ambient | Bottom | Bottom

Site Dia.

(cm) MASL | Water of _

Level Casing

Cambridge, ON | 10 309.2 19 30.2 150
Guelph, ON 10 3438 |4 5.8 105
Simi, CA 20 ~590 78 1.5 154
Madison, WI 10 281.4 16 213 152

2.11.1 Application at Other Sedimentary Rock Sites

Although the nature of the comparisdretween the temperature profiles collected in lined and open
holes at the sites in Simi, CA and near Madison, Mifure2-7S ard Figure2-8S respectively) are
similar to those observeat the Cambridge and Guelph sitdmse sites provide additional insights. A
colorand symbol scheme consisteith the main textincluding arrows of varying size, rejsenting
relative amounts and direction of flag well aged for operholeand blue for linecholetemperature
data are used in thegures

The general characteristics of the temperature profiles from the Simi site (sandstone with mudstone
interbedsWilliams et al. 2002) are much different than those from the Cambridge and Guelph dolostone.
The topographically driven downward cresmnecedflow in the open hole at the Simi site results in

much of the open hole temperature profile appearing ases sdinear segments with gradually

increasing values with depth and low variability (less than 0.1 °C). The uniform segments are separated
by five abrupt temperature increases, or fstepso.
that waer enters the borehole at each of the steps and moves downward, gradually warming but in
thermal disequilibrium with the formation until the next major flowing fracture is reached where the
process repeats. The abruptness of the temperature changesimdplideal fractures dominate water
movement into the borehole. In contrast, using the size of the temperature variations as an indicator of the
relative contribution of water, none of the variations within the FLUTe lifigu¢e2-7Sc, d) are as sharp

as in the opeihnole case, implying flow occurs over a series of fractures (a zone) rather than individual

distinct discontinuities in the rock. Over the 55 m interval of hole at the Simi site, 22 flow zones are
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indicated by the tiedhole profile, which is many more than can be identified based on the open borehole

logs.

In late September, 2003 opeand linedhole measurements were obtained in MP6 at the Wisconsin site.
The process was repeated and a second set of ampebtinedhole data were collected in midecember,

2003. Meyer et al. (2007) describe the hydrogeology of this study area and indicate the geologic units
consist of Cambria®rdovicran intedayered, nearly horizontal sandstone and siltstone with a dolostone
unit. Groundwater flow is primarily horizontal in the sandstone beds with downward leakage towards the
Mount Simon Formation, which is a regional aquifer. During the September episode, the liner had a leak
as indicated by the inability to raise the water léwside the liner above the level in the formation.
Comparison of the linetlole temperature profiles (September vs. December) clearly shows the location
of the leak; moreover, the linednd operhole profiles in September are identical above the level

(roughly 212 masl) where the leak prevents liner seal, while below they appreciably diverge. The actual
outflow must be slightly above the level where this divergence occurs because some head differential is
needed to create liner seal below the leak. Tliisrdntial occurs because overall the head in the
formations decrease with depth (Meyer et al. 2007). This example demonstrates: (i) a temperature profile
inside a liner can be used to determine the approximate depth of a liner leak, which is helpful in
identifying the point where liner repair is needed, and (ii) useful temperature profile interpretation can be
obtained from the sealed portion below the leak. This contrast between unsealed amoldintzda in the
same log supports the premise that aegkhble provides a much different thermal perspective of the

borehole.

The most distinct feature of the linkdle temperature profile at the Wisconsin site is a major flow zone
indicated at an elevation of 214 maBigure2-7Sc). This is likely the zone of most active ambient
groundwater flow at this borehole location, yet there is no indication of its existence based on inspection
of the operhole profiles. In addition to this major feature, nine other flow zones were denmtethiz
lined-hole profiles. Other lines of evidence at this site suggest many more flow zones in addition to those
identified using the existing interpretation procedures. The sections of thénolgegtemperature logs that
have an irregular and highly vable response (e.g., 13060 m) are without general coherence between
repeat logs and are therefore not interpreted as individual fractures, although some likely occur in this

depth range.

The data from the Simi and Madison sitegnéorce the conclusis presented in the main text, in

particular that the improved interpretation of lined temperature data is a general situation rather than
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specific to Southern Ontario. These examples also show that the techniques have application in varying

geologic and drogeologic settings.
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2.11.2 Supplemental Figures
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Figure 2-7S: Examples of temperature data from Simi, CA

Data plotted relative to ddptn metres from ground surfag@) gamma log, (b) temperature prddile
collected in open holes (red) and lined (blue) hole, and variability logs for (ic)eaind open(d) hole
conditions. Arrows schematically represent zones of flow, amount (by size), and direction (orientation),
and are referred to in the text (red égen hole and blue for lined hole).
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Figure 2-8: Examples of temperature data from Madison, WI

Includesa, b & c) stratigraphy, hydrogeologic units (HG), and gamma log from Meyer et al. (2007), d)
lined hole temperature logs from 27/09/2003 (red) and 9/12/2003 (purple), open hole temperature logs
from 30/09/2003 (blue) and 13/12/2003 (teal), e) lined hole variability logs from 27/09/2003 (red) and
9/12/2003 (purple), f) open hole variability logs fromi(BD2003 (blue) and 13/12/2003 (teal), and g)

lined hole change log. Arrows schematically represent zones of flow, amount (by size), and direction
(orientation), and are referred to in the text (red for open hole and blue for lined hole).
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Chapter 3

Enhancedtiden ecf hydraulically act.i

profiling in |Iined heated bedroc

Peeter Pehme, B.L. Parker, J.A. Cherry, J.W. Molson and J.P. Greenhouse.

3.1 Overview

Boreholeprofiling using a temperature probe lesomea more effectiveool for identifying
hydraulically active fractures in rock duettee combination otwo advancesmproved temperature
sensorswith resolutionon the order 00.00C, andtemperature profiling withinvater inflatedflexible
impermeabldiners used teermporaily sealboreholesrom hydraulic crossonnectionAfter inflation

the operholecrossconnectioreffectsdissipate so thatboththe groundwater flowegimeandthe
temperature distributioreturnto theambient(backgroundlondition. This papermntroduces a third
advancementhe use of an electrichkatingcablethatquickly increases the temperaturetiog entire
static water columwithin the lined hole placing the entire borehole and its immediate vicinity into
thermal disequilibrium with thbroader rock mas#fter heaing for 4-6 hours the profiling is conducted
severakimes over a period @& dayto observe théemperature changeturns tdbackgroundThis
procedure referred to as the active line source (ALS) method, provides two tagesn First, there is no
depth limitfor detection of fractures with floand secondyoth 2identificationand qualitative
comparisorof thestrength of the evidence fambientgroundwater flown fracturess improved
throughout theentiretest interval Theadvantagesf the ALS methodireshown by comparing results
from two boreholesestedto depths o0BOand 20m in a dolostone aquifer used for municipal water
supplywheremostgroundwater flow occurs in the fracturéBemperature logging in thnked holes
shows many fractures in the heterothermic zdm¢h with and without heatingputonly the ALS method
also shows manlydraulically activeracturesdeeper homothermic portion tife hole. The
identificationdiscrete groundwater flow atanydepthsis supported bydditionalevidence concerning
fracture occurrence, including continuous core visual inspection, acoustic teleaietests for
hydraulic conductivity using straddle packesswell as rock core VOC datahere availableshowing
deep penetration and many migration pathwasnfidence in the use of temperature profded the
conceptual modekiprovided bynumerical simulation anldy demonstratinghe reproducibility of the
evolution of the temperature sigmakasured in the lingableswith andwithout heating. This approach
for using temperature profiling in lined holes with heating is a practical advance in fractured rock
hydragedogy becaus¢helinersare readily availablghe equipment needed for heating is low cost and

rugged and the time needed to obtain the profilasat excessivéor mostprojects.
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3.2 Introduction

In rock formations, mst or essentially airoundwateflows in fractures To gain insight into how
contaminarg behavein these environmentand to enablenoreaccurate predictions of theirrival times

at receptorsbetter characterization of groundwater flow in fracture networks is needed (e.g. National
Research Council, 1996, Berkowitz, 20@ara, 2003)Many rumerical modelfiave been developédar
simulating flow and contaminant transport in discreteture networksn rock FRAC3DVS, Therrien

and Sudicky1994 FEFLOW, Trefry andMuffels, 2007; HEATFLOW, Molson and Frind, 201t2

however advances in acquisition of field data for fracture parameitidoiz for such modelsas lagged

far behind advancdas numerical codedn investigations of contaminated bedrock sites, data acquisition
from boreholes is the primary approdofsite characterizatiomnd many methods are used to identify
fractures, inalding inspectiorof continuous corgborehole imaging (e.g. acoustic and optical

televiewing), caliper logging, and hydraulic tests such as straddle packers (e.g. QuirDéfehnd

flexible liner profiling (Keller et. al. submittedHowever, theseannot distinguish those fractures with
active groundwater flow from those that have no flomder ambient condition# this paper in the
context of active groundwater flow the term O6frac
rock masghat acts as a preferential flow path relative to thepewneability rock matrix including

bedding parallel fractures, joints, styolites, isolation channels and any other geologic features with
enhanced flowThere is an abundant literature concernirentdying zone with flow under forced

gradient conditions, created when the hole being investigated is pumped and monitored or when one hole
is pumped and responding holes are monitdfeadvever, his paper concerns identification of fractures
that have aive, ambient groundwater flow which refers to flow in the rock uninfluenced by the borehole
and not imposed by pumping or injection for the purposes of fracture identificBtierefore, there is a
need for borehole methods that identify the fractureghich groundwater actively flows under ambient

hydraulic conditions

It has long been recognized that temperature prafilepen boreholeseasured in rock offer insights
about fractures with flow (e.g. Trainer, 19@8daux and Drogue, 1993; Robinsare#,1993; however,
temperature regenerally been used only minimally in fractured rock investiga@bicontaminated sites.
Two recent advances provide impetus for temperature profiling to become much more important. The
firstis the greatly improvesensoresolutionfor temperature measuremean (the order of 0.00C) and

the second concerns measurement of temperature profiles in holes sealed using impermeable flexible
linersproduced by FLUTehttp://www.flut.con) to prevent cross flow between ftaes (i.e. hydraulic

cross connection)Jsing these twodvances for measuring temperature profiles under ambient flow

conditions, lBhme et al(2010) identificatednumerous hydraulically active fracturesbioreholesn
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dolostone and sandstone. The bemof fractures identified kiyis method was much larger thihe few
identified when the holes were unsealed (i.e. dpsa conditions). Identification of all of the fractures in
which active groundwater flow occurs is important in contaminated sistigations because the nature

of contaminant plumes is very differdrgtween dense and sparse netw@Parker 2007).

Keller et al., (in submittal) describe these liners and their installation in rock boreholes. The method of
sealing boreholes usingdse liners is becomir@mmon in contaminated site investigations to prevent
cross contaminatiocaused bylow into the hole from fractures abmelevels and flow out of the hole

from fractures at othetepthsas described by Sterling et al (200&lthough vertical cross connectiam
fractured rock holehas been recognized for decades and capitalized on for investigations in fractured
rock, Pehme et al. (2010) showed that the dp@Eea conditions have been misleading with respect to
identification ofall hydraulicallyactive fractures in the system and the improved sensitivity for
identifying more active fractures when boreholes are sealed and sensitive temperature logging probe was
used.The impervious flexible liners are urethane coated nylon fointedtylindrical tubes that are

installed temporarilyn the hole, with inflation by water, until a monitoring well is installed or the hole is
subjected to hydraulic ather tests. As described bglitne et al. (2010)ypically severatays after
instalation of the liner, the temperature distribution in the static water column inside the liner becomes

stable at which time the hole is suitable danbienttemperature profiling to identifydw.

Although the use of high precision temperature probésaigtatic water columns dined holes enabte

the identification ohumerous hydraulicallgctive fracturegPehme et a).2010), this approachasa

depth limitation. Fractures apeeferentiallyidentified close to ground surface where groundwater flow
transports heat perturbationsrh surface imparted by the atmosphere (i.e. surface temperature variations
due to weather) and urban infrastructure. These suirfguarted temperature disequilibria are attenuated

at depth due tthermalconduction in theack mass. The maximum depth to which this thermal
disequilibrium can be used to identify fractuwasies considerably depending on both geology (ie.
thickness and nature of overburden, degree of bedrock fracturing etc.) and hydrogeologic conditions (i.e
degree of vertical and lateral flow, recharge vs. discharge dtmyever, there is commonly a need to
identify active groundwater flow or contaminant migration at greggpths than thimits of thermal

disequilibrium

This paper describes a method aihateliminatingthe depth limitatiorfor use oftemperature profiling
in lined holedo identify ambient flow through fracturels this method, the static water column in the
lined hole is heated continuously along the entire length of thadodpidy create strong thermal

disequilibriumaround the boreholend then temperature profiles are measured as the heat in the water
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column dissipates. This method is referred to as the Active Line Source (ALS) method applied in lined
boreholesGreenhouse arfdlehme (2002) introduced the ALS method applied in ¢pelined)holes for

fracture identification and Pehme et al. (2007) showed application of ALS in a linet lesliémate

thermal conductivity and drew attention to giessibility ofidentifying hydaulically active fractures

using this techniquedFreifeld et al. (2008) adopted a simileratingprocesswith fiber optic sensing to
estimating rock thermal conductivity and thereby paleoling. This paper provides the first detailed

field examples oALS in lined holes for fracture identification where many other methae also used

to acquire evidence of fractures. The results of ALS application in lined holes are compared to those from
the same lined holes without Alt& demonstratéhe added irights concerning occurrence of ambient

flow in fractures.

The ALS method used in lined holes has been applied in more than 42 holes at 8 different sites in North
America, primarily in dolostone and sandstone. The field results presented in this papmmn aveof

holes, MW25 located in Guelph, Ontario and UWn Cambridge, Ontario. Theswo holes (both

situated in &ilurian dolostone aquifer used for municipal water supplies), were selected as examples
because the hydrogeologic characteristics of thisfar have been described in detail by others. Perrin et

al (2011) describe the general nature of the secondary permeability that includes fracture networks with
solution channeling. Quinn et al (2011) present results of hydraulic tests using stralldie fa

measure hydraulic conductivity and estimate fracture apertures using the cubic law. Keller et al
(submitted) describe a flexible liner method for measuring hydraulic conductivity profiles in the
dolostone aquifer. Pehme et al (2010) used-U#hdMW24, which is 490m wesif MW25, in a study

of fractures identified by temperature profiling in lined versus unlined mothsut the added heat

MW-25 is the focus of this present study because the most comprehensive data sets using the ALS
method inined holes are from this hole. This hole, which is 104m deep, penetrates through the full
thickness of the dolostone aquifer into the underlying shale. The thermal and hydraulic conditions in this
hole haveless compleity thanholesunder the influencef municipal pumping wells. M\A25 has a

distinct downward decrease in temperature from top to bottom without any temperature reversals
observedn some of the other holes and thus avoids any complications that could arise due to a potential
for thermal cavection where temperature increases with depth.-23Was no contaminants above

drinking water limits and therefore when this hole is left open for tests requiring open hole conditions,

such as opehole temperature profiling, contaminant crassinectio is not a concern.
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3.3 Conceptual Model and Hypothesis

Drogue (1985) introduced the terms &6dheterothermic
atmospherit e mpor al temperatur e var i @&fbrithe stablg tereperatsg s and
zore at greater deptfrhetemporaldifferences in the upper portions of temperapndiles collected in

various seasons progressively decrease deeper until a critical depth beyond which the thermal gradient is
i nvariant and t h eDrogue (@985) identifieéd thbatecohomathemmidouidary at
25mdepthin alimestoneaquifer in Southern Francé&igure3-1 provides a conceptual description of

these two zones for the case where overall temperature declines ialthe shibsurfacdn the

heterothermic zone, temperature profiles measured on any occasion typicalyimereusiepth

discrete peaks and trougludten at several different wavelengthdth amplitudesattenuating with depth,
overlapping andarying in time. This zone is in a continual state of thermal disequilibrium, adjusting to
temperature variations at the surface related to weather and urban infrastieturature of the

downward propagation of shallow thermal variations as a tracer of redtesdgeen investigated by

many (eglaniguchj 1993) and summarized by Anderson (2005). These studies generally use open
boreholes, are coarsely sampled, and deal with broad change in temperature rather than the detailed
variations of concern in fractureviestigationsBelow the heterothermic zone, the homothermic zone has

an overallstable temperature angermalprofiles have a smooth shapemarily governedoy the steady

state transition from the mean annual surface temperatthre &arth's geothermgtadient. In this

conceptual model, fractures with active groundwater flow occur in both zones, howeyeinting
influenceonthe temperature profile in the heterothermic zone where thermal disequilizaursis the

effect ofcontinual temperatureariations at the surface. In the heterothermic zone, fractures with active
groundwater flow are manifested in lined holesgliatinctirregularities(peaks or troughsh a

temperature profiletherwise gradually varying with deptleferred to here asberrationgFigure3-1).

The effective depth to the boundary between the heterothermic and homothermic zone depends on several
factors includingpaleo temperaturethethermal conductivity of the rock, the magnituated spatial
distributionof the surface temperature variations, groundwater fidesin the fractures and the

resolution of the temperature probe. Little is kn@kout the depth to the boundary becatse

determine the boundary, the holes must be Jittezleffets of drilling or operhole flow conditions
dissipatedanda high resolution temperature problized. These criteria have not been met at a large
number of sites distributedaundthe globe. From our experiencesightlocations, in North America,

the depth is generallpanytens of meteré.e 3650 mbgs or more), however that value also depends on

the time scale chosen for comparison as well as the degree of uniformity set as the criteria for invariance,

and insomepumped bedrock aquifers the bdany can be difficult to definer variable The goal of the
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ALS method is tomprove the resolution of temperature logs for identification of flow throughout the

borehole in both the heterothermic drmothermic zore

The newmethodpresented in this peris based on the hypothesis that, when the hole is quickly heated
along its entire length and then high resolution temperature profiles are measured while the heat is
dissipaing, (1) the hydraulicallyactive fractures in the heterothermic zone shownope definitvely

than in theunheategrofile and(2) fractures in the homothermic zonecbenemore clearly evident

relative to profiles done in the lined holes unheatde basis for this hypothesis is the expectation that
groundwater flow in the fractas will transport the applied heatay from theheated water column

faster at the fractures than conduction will dissipate the heat where no fracturdsguxie3-2

illustrates this hypothesis, indicating tlmthe unheaid (passive) case tlamplitudeof the aberrations at

the fractures decrease in size though to the bottom of the heterothermic zone, beyond which flow through
fractures is undetectable because there is no thermal disequilibrium. The disequilibrium greated b
heating the hole both makes flow detectable below the hktenmthermic boundary in the cooling logs
measured during thermal recovery and improves the qualitative relationship between flow and the size of

the thermal aberratierthroughout.

3.4 Numerical Simulations

To illustrate the conceptual model for thermal response during borehole heating and cooling, the
numerical model Heatflow/Smoker (Molson et @007; Molson and Frind 2012) was applied to a simple
conceptual model. The model simulates tkdi@eensional groundwater flow and heat transport within a
discretelyfractured porous medium using the finite element method. Water density and viscosity depend
on temperature, and fractures are represented as two dimensional planar surfaces imbeddetkanto e
surfacesFigure3-3 shows the finite element grid and the geometry of the single horizontal planar
fracture and single vertical borehole within th® &irray of elements for the test case. The fracture
aperture is 1000 rmions, the rock matrix porosity is 0.05 and the rock matrix hydraulic conductivity is
9.8 x10" m/s, values which are representative for the dolostone aquifer under investigation (Burns,
2005). A thermal conductivity of 3.6 J/m/s/°C (Appendix Table 6,Molson, 2006) is assigned to the
rock matrix. Flow is assumed at steaadgte. Further details of the model test conditions are provided in

Figure3-3.

The liner and heating cable in the hole are represented as shown in thefiRgrire3-3, with the
heated cable set on the-gmdient borehole wall. The impermeable liner, (3mm thick uretbaatd

nylon) is represented in the model by the ring of small (1x1x2cm) elements of zero permeability and a
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thermal conductivity equal to that of water (0.57 J/m/s/°C) creating an impermeable boundary which

transmits heat.

A field-observed hydraulic gradient of 0.0075 is imposed across the domain using fixed heads of 0.15 m
and 0.0 m at the ugradient and dowagradient boundaries, respectively. The initial temperature is a
uniform 10°C, which is imposed as a Difiet (Type 1) condition at the tgradient (inflow) boundary.

All other temperature boundaries are Neumann-gezdient conditions. The conceptuabdel was run

using a vertical 1D linsource heater placed at the borehole centre. An energy input 2&é/6hwas

applied for 6 hours, then shut dilodel accuracy was tested by running a sensitivity analysis on element
sizes, using conceptual testifige. ensuring symmetric flow conditions within the fracture around the
borehole, no flow within the borehole, and the ability to meet theoretical thermal decay rates), as well as
calibration against field data.

Figure3-4 illustrates the predicted temperature at the center borehole during heating and subsequent

thermal recovery adjacent to the fracture and adjacent to the rock matrix 1.5 m below the fracture. The
typicaltime-linef or data col | ect i onlogimmedatelybaftrStesting,@ast , a @A pa:
factived |l og prior to the end of the 6 hr heating
hours) into the thermal recovery arxachshaded. Both the short time lag between energizing the heater
andtherespnse at the center of the borehole as well a !
after the heater is turned offiQure3-4) are related to the distance between the heater and the measuring

point. The time lag is attruted to the delay for the heat energy to conduct from the cable (line source)

through the water to the centre of the hole. The spike at the end of the heating occurs because the rock
continues to act as a heat source after power to the heater stopseHdkewnatural hydraulic gradient

transports the stored heat energy towards the hole by advection rather than moving radially outwards

through the rock by conduction with the thermal gradiemicasirsduring heating. These small scale,

short duration eécts vary according to the position of the cable in the hole and the groundwater flow

direction. In the field, the cable has no centering device and therefore such small scale time lags and

spikes must be considered in data interpretation, and are therprieason for emphasis placed on the

second and third cooling logsd thermal deviation loger identifying flow.

In the simulationenergy from the heating cable generally raises the temperature in the borehal@,to 11
however the maximum temperagun the centre of the borehole at the fracture as the heater is turned off
is 0.15 Glcooler. After 6 hours of heating, the simulated temperature profiles in the centre of the
borehole during the cooling period show a strong aberration at and neacthesfbut beyond 0.5 m

above and below, the simulated response is uniféigufe3-4b). The transport of heat away from the
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borehole columiby thewatermovingthrough the fractureauses an accelerated declinéeimperaturda
negativeaberratiof in the three cooling profiles simulatedthough the magnitude of the signal is small,

it is nevertheless two orders of magnitude larger than both the resolution of the temperature probe and the
typical background variability of fld data. The response has a minor asymmetric elongation upwards

that suggests convectialie to subtle density effeatsay be occurring. Although the model accounts for
thermal convection within a porous meuh, this is not a rigorous approach for a fljiiked borehole,
thusmadifications to the existingnodel would be needed to investigate this furtRggure3-4b indicates

that to adequately resolve the profile shape over the vertical extent of the predicted aberration and to
accurately determine the maximum deviation from the norm, the vertical spacing of temperature

measurements in the field data must be on the order of 0.01 m or less.
3.5 Equipment and Method

3.5.1 Data Collection

The essential equipment used in the field includescomponers: the temperature probe (the tool), a
winch, heating cablegenerator and computer. For the data presented in this paper, two temperature
probes were used; early data were collected with a rented (@rsbegle sensor BMD1 manufactured

by IFG corporation, Brampton, Ontario, Canadajd the later results withprototypeprobe.Both

probes hve a specified operating range 66504C, sampling rate of 2Hz, a specified resolution 6f €@
(although our data supports104. Although the reolution of these probés high, the absolute

accuracy is subject to the calibration process which is more difficult to control. The data from the two
probes were 'normalized’ for the purposes of establishing a neterathermic boundary by comparing
thedifferences in response through approximatefiréadings in the lower (stable) portion of the
borehole (MW?25). The details of the original calibration and normalization are provided in the

supplemental materiatd this manuscript

The heating cable essembled by combining twain guttetheates( manuf act ured by A Wr ar
model 14240, available at many major building supply outlets) in series (total resistance thabhm)

when powered at 220voligroduces 20W/m uniformly along its lengifhe he&ing cables used to

acquire the data presented in this paper are readily available at low cost in many hardware stores in

northern climates where they are sold for heating roof gutters to avoid ice problems. More recently this

heating equipment has beepleeedby a line heater providinmoreenergy inputThe heater is

commercially available without need for custom design.
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Data collected itMW25 is used for comparison of results with and without ALS testing. Thewade

sealed with a Flute liner in a manner described by Keller et. al (submitted) and the water allowed to
thermallystabilize before the ambient, linédle temperature (passive) logs were collected on Audust 9

and 2%, 2006The term fAipassiveod i s us eectedwthoutprioreneatngo any
In the ALS procedure, the 'background' condition is considered to be as observed with the passive
temperature profilreferablycollected just before the beginning of the heasitage usually the prior

afternoon. The borehelis heated for as long as logistically practical (typically 4 to 6 hours), 4.1 hrs in the
case of the ALS test started in MW25 on Marth®06. The 'active log' is a temperature profile
measuredluringthe borehole heatestage just prior tthe heatebeingturned off. The hole is typically

logged three timeduring the cooling stagas the applied heat in and around the borehole dissipates and

the system gradually cools towards background temperatures, as summarized in Table 1. The first cooling
log (C1), is started within an hour after the heater is turifiedree second log (C2) is startedsours

after the heating ceases (timed to start at approximately the same time into thermal recovery as the
duration of heating) and the last cooling log (G8}ypically collected 18 hours after heating (early the

following morning). Table 2 summarizes the details of the timing of the ALS data collection in MW25.

The logging rate used for the data collection is varied based on a compromise between rasdlttien
need to minimize both the time spent logging in the middle of the test and disturbance of the water
column.Data were collected at thgpically rate of 0.80.7m/min for the passive, C2 and C3 logs, and 1
1.5 m/min for the active and C1 logs whetequate time must be allowed for the effects of logging to
dissipate prior to collection of subsequent dht. worth roting thatall background (passive)
temperature logs (both open and lined hole) are collected at a nominal data interval -6t @DOBA
critical factor in assessing the reliability of aberrations in temperature profilest théhshape of features
that span 10 to 20 cm are defined by many reading2@vhencollectedas specifiejflso depth

resolution due to run speed is a critifzactor.

3.5.2 Procedure for Identification of Flow from Temperature Logs

The industry standard method for accentuating soh@hge (both in terms of vertical extent and

contrasting values) within a temperature log is a gradient ldgjQe.g. Keys, 1989)T'he gradienis

typically calculated as the change in temperature over a short distance (10cm is used in this case). The
gradient presentation is well suited to highlighting small temperature changes in an open hole with cross
connected flow because watatering or leaving the borehole through fractures often manifests as steps
in a temperature profildowever the process creates a bimodal pattern when applied to a unidirectional

temperature aberration
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The identification of fractures showing active gnowater flow using temperature logs in lined holes is
primarily based on an analysis of a processed version of the data réddnmezd as the 'thermal deviation
log'. This procedurdor processingemperature logs waseviouslytermed the 'variabilitjog' and
describedn detail by Pehme et al. (2010) but is renamed here to better associate it to the statistical
process upon whichitisbasddo cr eat e a fdgdthe ramtemperdteresproildis o n
smoothed using a boxcar filt@ypically with a window length of 5pand thesmoothed 'base log
subtractedrom the raw dataThe resulting representatitias been found to be more effective than using
gradienttemperature logs as described in the early literg®ugefor interpreting lineehole temperature
logs). The thermal deviation log emphasizes log features, localized aberrations from the norm, with length
scales less than the window, while suppressing larger scale feattmends such as the geothermal
gradient and shallow seasoratiations, yet maintains the original shape of the temperature aberrations
which is critical to identifyinghosemost likelyto represent fracturesith active groundwater flowand
relative ratesThe selection of specific small scale features onhéertal deviation log deemed to be
fractures with active groundwater flow is, in the end, somewtigjecive particularly in the case of
numerousndications offlow that are closely spaced. The degrearafertaity is less when more than

one thermal dewition log is availabl@i.e. when data are collected in the lined hole on more than one
occasion, separated usually by several days or Wwdddwever thatcomparisorcan be complicated if
recharge events occur in the interifsnerrationgthat are clearlgvident in each of the individual logs at

the same elevation are most unambiguously desigaatactive fractures.
3.6 Results and Discussion

3.6.1 MW-25 Characteristics Indicated by Non-Thermal Evidence

MW-25 was selected for detailed temperature stutfieliding openhole and lineehole unheated and
heated profilingas well acomparison of the temperature identification of active groundwater flow with
many other lines of evidence concerniapthdiscrete permeableacturesor geologicfeaturesFigure

3-5 displays many of the nethermal lines of evidence concerning fractuamgsidehe temperature
profiles in the unlined and unheated lined hdlee hole is almost entirely comprised of dolostone with
shale at the bottom and laghtly shaley zone (Eramosa formatidhatat some locations
hydrogeologicallyseparagsthe aquifer into twetratigraphiaunits. The ispection of continuous rock

core showed many fracturdsigure3-5 column D). The longer terval (30.535mbgs)for which no
fractures are shown are those where core was not recovesagrbbly so that fracture identification
was not possible as indicated by the RQD (column E). The acoustic televiewer log (ATV) also shows

frequent fracturewith at least one fracture in ea2imetrelog interval (columrG). Hydraulic testswith
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straddle packers domsconsecutive 1.5 rtest intervaloverthe entire hole (Column Hyp 2006 and a
second time (2010¥ith 3.0 mtest intervalsvere performedisng the methodeported byQuinn et al in
pres$ andshow presence of permealenesthroughout the hole. If permeable fractures were not
present, then the test results would have loeders of magnitude below what was measured. Therefore,
based on theore log, ATV and packer test resuhereis evidence ohumerougransmissivdractures
Thenextchallenge is to determinghich of theseransmissive features also exhihdtive flow under
ambient(sealed holegonditions

The operhole hasdlownwardvertical flow indicated by the heaulse flow meter (columdand K).

Although the two closeshunicipalpumping wells are no longer uselde tdirection of flomwemains

almost entirely downward because thstantwells thatcontinue tasupply the City 6Guelph

(approximately 0.51s) draw water primarily from thiewer part of the aquifer. There is a high
transmissivity zone at the top of the rock just below the overburden where the rock is intensely fractured
and weathered that supplies much of theewBidwing downward in the borehole.

3.6.2 Temperature Profiles from MW25 Unheated

Understanding the merits of the ALS method in lined holes becomes evident when comparison is made
with temperature profiling results from the hole in the unheated state batkediaid linedFigure
3-5(columnsL through § shows unlined and lined unheated profiles for M%/with the March data
adjusted using a linear normalization to the earlier pBb#h the unlined (opehole) and lined hole

profiles provide unique insights concerning the presence of hydraulically active fractures and the apparent
depth to the bottom of the heterothermic zadthough thepresence of strong downward flow in the

open holecan create disequilibrium and make sdnagsmissive fracturebelow the heterthomothermic
boundary detectable, Pehme et al. (2010) show that many other more imjpansmissive fracturesan

go undetected inpenholetemperaturgrofiling. The depth to the bottom of the heterothermic zone

shown onFigure3-5 is positioned where shallow zone temporal profile shapes in the lined hole become
similar. Below this depth (37m), the three lideale profiles have the same overall shape. The exact
positioning of the boundaryelbwveen théeterothermic and homothernzones isapproximatebut
nevertheless a reasonabiterpretationis between 35 and 40m depth. The details of choosing the hetero

homothermic boundary are in the supplemental(sedtion3.12.1).

Figure3-5 (columna andb) show theaberrations indicative of flovdentifiedusing the opetmole and
lined-hole logs respectively. Thesaberrationare based on interpretations of the thermal deviation logs
descibed above. For the opémole conditionthere is only one log available for discernftayv but for

the linedhole there are three logs, August 9 and 23, 2005 and Ma2€l08. Each of the three
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temperature logs the linedholemeasure a different hyalic condition, the March much more so than

the other twoReproducibilityof a particulamberrationwhich is clearly larger than the resolution of the
probe suggestshie consistent contribution of that featurdltw in the overallhetwork, whereas

intermittent occurrence suggests a transient o temporary conditioBoth columns showhelargest

and highesfrequencyof aberrationsn the upper 25m. The opdtle temperature profile shows more
aberrationsn the homothermic and upper (above &gs) portion of the homothermic zones than does

the linedhole profile. This is expected because this hole has downwardamosected flow from the
heterothermic zone into the homothermic zone, thecedstingthe thermal aberrations in the
homothermizone. The high frequency aberrationsibove 25m depth is generally consistent with the
core log in the depth interval attik low frequency of picks in the lower third of the hole, particularly
below 85mbgsnconsistent witlthe core The thermal deviédn logs calculated from the two linduble

logs collected in August are mutually similar and exhibit a consistent pattern of smalt@i0Q1®)
deviations above 92 mbgs without any distinct indications of strong water flow. The thermal deviation log
from the March (2006) passive temperature exhibits many more and slightly larger changes in
temperature than the earlier linkdle logs, but with the exception of the aberrations &8®hbgs, the

few other distinct features bear apparentoincidence \ith the zones of increased fracturing from the

core and the ATV or any relationship to the zones of higher transmissivity indicated by the packer tests.

3.6.3 Temperature Profile from MW25 Lined and Heated

Figure3-6 shows the resultand interpretation of the ALS testing in MW25 alongside selectad no

thermal data from the boreholgéomparison of thaberrationsdentified from the three types of

temperature logs show substantially different res#igute3-6 columnsa throughc on the right hand

sidg. The heated lined hole (ALS)gfile has the mosaberrationsnd the unheated lined hole has the

least. The ALS profile shows no decrease in fracture occurrence in the bottom part of the hole as clearly
doesthe unheated lined profilg) andto alesser degree the open hakewell(a). This is consistent with

the expectation thah which heating increases resolution both in the heterothermic and homothermic
zonesandwith the general understanding of thewl conditions in this dolostone aquifer in which much

of the production of municipal wells is from the bottom most zone in the aquifer.

Theidentification of faberrationsesulting from flowwere made using the C2 cooling log because it
avoids the comptiationsthat can result frortransient effectpotentially present in the C1 I¢geeFigure
3-4) and has better resolution than provided by the C3vlogre much of heat added has dissipated
Figure3-7 shows the Bto 73 mbgsdepth intervaht expanded scadeso thatan example ofthe detailed
evidence for thaberrationgan be examined. Coluntthshows the C2 log and beside it are the
interpretation of flowc), denoted irfour colours purplerepresentig a relatively strong aberration
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suggesting relatively large groundwater flux in the fracture, blue representing a less distinct aperration
with darkandlight green representing the weakest form of aberration. These colour representations for
flow areconsistent with colours fdtow shown inFigure3-5 andFigure3-6. For this ILm long interva|

the ALS log provides@picks, the opetole log B picks and the lined unheated logdbberatios. The

ATV log shows 1 fractures and the core log shows 18 fractures. The lesser number of fractures evident
in the ATV log relative to the core log is expected because the ATV log cannot discern smélleat
fracturesdue to breath of the acoustic pu(#&.T, 2002) The ALS shows flow where both the ATV and
core logs do not show fractures are predamivever the straddle packeiest results show that the

hydraulic conductivity iglsorelatively large in theses intervals, much larger than the typical ratlxm
hydraulic conductivity indicated for this dolostone by lab tests or intact core saripi@sination of

core photos as well as both the amplitude image and the virtual caliper of the ATV indicate many
fossiliferous, porous (vuggy) layers exist withihis depth interval that would not be identified as
fractures. It is dso possible thaa fractureclose to, but nadirectly intersedng, the boreholeould

produce an aberration in the temperature profilenot be evidenin the core However the proximity at
which such influence could occur would dependent on the amount of flow and geometry relative to the

borehole

As expected the ALS log showvay far the mosactivefractures in the homothermic zone because, for the
unheated lined hole the naailithermal disequilibrium is minimal and for the ogfesie condition the
crossconnection imposes an erratic (complex) thermal condition that obscures the less permeable
fractures. Howevein the heterothermic (87m depth) zonthe difference in the nuper ofactive
fractures indicated by the three types of logs is muchTémsALS log show4 07 aberrationsthe
unheated lined log shoviE and the opeinole log show$3. The greatenumber of picks shown by the
ALS log is expected because the eviddiacea pick is strongest of all in the C2 log where one can base
judgmenton comparison to the C1 and C3 loggure3-6 shows that somaberrationgrom the lined
unheated logs do not show up in the ALS dogre a much smalla@berratiorin the heterothermic zone.
This mayindicate that not only does the ALS log identify maotivefractures but it has better

reliability. However because the overburden is thirthis sitefacilitating atmospheric temperature
variability andthe shallow portion of the bedrogkhydrogeologically dynamic, thistatement of

reliability cannot be confirmed by these data al@eerall the interpretation of the ALS test indicates
many mordayers with active flowprovides better differentiatiorf the relative size of the aberrations
through both the hetero and homothermic zones, and exhibits better consistemzymlhittrmaldata

throughout the aquifer than do either the open or lined unheated temperature logs.
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3.6.4 Reproducibility, Sensitivity and Consistency

There are currently no independent techniques that measure ambiemrossconnectedjlow in the
fracturesthereforethere isno way to prove that the picks for fractures with active groundwater flow
actually have this flow andonsequstly indirect evidence must be uséihportant aspects of the indirect
evidence ar¢hat the reproducibility of the detailed characteristics oteéhgperature profilesustbe
establishedand that profiles behave in accordance with reasonable expesfatiadhe thermal systeas

well as being congruent with coneptentary data set$heaberrationsre based only on interpretation of
the details evident on the thermal deviation logs. Reproducibility was examined in MW25 by profiling in
the unheated linedole on three occasions as discussed previokigiure 3-8A shows that the two

August 2005 profiles {8and 23" expressed as the standard deviation of the raw temperature log as
determined over successive 1m intervals (i08. @mperature readings) and also as the average absolute
temperature deviation (within 1 m sliding windows) along the borehole |eRigghemphasis here is on

the databelow about 30m, primarily the homothermic zone wiileedest reproducibility is expéed
because transient temperature variations should be minimaldetails of repeatability within the
homothermic zone are shown in the expanded wirfligsre3-8A 6 whi ¢ h “*Cgaadssowsthel 0
logsfrom August 8 and 2% are essentially identical when viewkedm either statistical perspective

With the exception of a few minor increases in the values, the baaeérege absolute thermal deviation
is 2x10* C4 Where minor increases occur they are very repeatablgy(identical) between the two
profiles even though the peak average absolute deviation is befo@AIDhe standard deviations within
the 1m intervals for both profiles exhibit a consistent uniform near linear decline witl{Rfepfh92)

from 0.005 aBOm depth to 0.0 C4at 90m depthAlthough the temperature also decreases with depth,
that decline is not linear andereforethe decrease in standard deviation is more likely related to depth
than temperaturé®verall the two profilegollectedin August are near duplicateshich provides

confidence in the reproducibility dioth the instrumentation amdeasurement methpds well as confirm
that, with few consistent exceptions which likely result from deep flow zones, the level of variation is

primarily a function of depth in the homothermic zone

Althoughit is expected that th&tandard deviationf thetemperature will decrease with depth in the lined
unheated caséhere is no depth dependerexpecedfor thestandard deviation oflmed heategbrofile.
Whenheatingthe standard deviatisshould beéndependenof depth because the imposed thermal
disequilbrium is uniform along thlolelengthand the dolostone aquifer is known to have strong lateral
groundwater flow throughout the full aquifitiickness dtermined frontesting duringnunicipal well
pumping. This lack of temperatut@depth dependency is shownRigure3-8B which displays the four
logs (P,C1,C2, C3) as standard deviationsoth full andexpanded scal There isno decrease in
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standard deviation with depth in the C1 data. Although a minor decline in the standard deviation occurs
with depth in the C2 datthe size and frequency of variations in the standard deviation is consistent
throughout the homotitmic zone. By the time of the C3 log, the depth dependency has increased, nearly
approaching that of the passive log but with slightly larger variations in standard deviation at those depths
that had the highest variations in the C2 dateese statistidgpresentations confirm that ALS test largely
overcomes the relationship between depth and the size of variations in temperature logs and results
behave in a manner consistent with the conceptual model presented.

In another examination of reproducibilithe UW-1 boreholelocated in the town of Cambridge and
approximately 16km south west of MW#&s used to measuse cooling logs in the lined heated hole
Figure3-9A shows the geological and hydrogeologharacterizationf the hole and the temperature

profile focusng on the lower portion of the borehole, bel6®m depth, where relatively few

hydraulically active fractures were identified using lined unheated pr@fidsme et. al, 2010figure

9B shows the temperature okthorehole as continuously monitored at 35mbgs during heating and initial
thermal recovery and intervals during which the lower portion of the borehole was logged (@cles).
higher output heater cable was used above 49m feptusehe experiment wasoncurrently used for
testing cable responsEhe six cooling thermal deviation profiles are shdamiumns MR), each

displayed at a different temperature scale to achieve visual consistency. The temperature scales range
0.12, 0.060.050.023, 0.007 and.0035CA4for cooling logs C1 through CB6, respectively as in columns R
through M respectively. Except for the first cooling,lagpich has transient effects and the last cooling

log for which the resolution of the sensor (~0.091€ evident because theasp(0.@35 ) is close to

the resolution, the profiles are nearly identical. This is evidence of excellent reproducibility because each

of the profiles is an independent data set.

Figure3-9B (columnS) showshe 64 flow zonesbetween the depths of 820min UW1. The

occurrence of fractures with flow distributed along the entire hole is generally consistent with the ATV

log, the cordog (not shown) and the hydraulic tests done using straddle packers. The hydraulic tests
show nogeneral trend with depth and the magnitude of the lowest values indicates presence of permeable
fracturesAs wasMW25 in Guelph UWL1 is located iranarea ofCambridge where the wells draw water

from the entire vertical thickness of the dolostone aq(iferrin et. al. 2011). As is the case with MW25

the fracture picks from the lined heated hole profiles show intervals in the hole where neither the ATV or
core logs show fractures, but the hydraulic tastag straddle packensdicate permeability. Thefore

the temperature logareconsistent with independent evidencdgfiraulic features along the length of

this hole.
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Another line of evidence concerning the presence of fractures with groundwater flow is the contaminant
distribution in UW1determinedrom measurements of contaminant concentrationsoé and

Metolachloron numerous depth discrete samples by Burns (26@6me et al. 2010 shedthese

results of TCE and metolochlor analysis from UWdngside temperature logging resulibiese analyses
showmeasureabl& CE throughout thehickness of the aquifer that proves evidence of interconnected
hydraulically active fractures throughout the length of the borefb&frequency of rock core

contaminéion canonly be explained itlosely spacetlydraulically active interconnectddacturesexist
throughout the hole because contaminandiffusion hallows are relatively smat the low

permeability blocks of rock between fractuegsl contamination is pervasive throughout the aq(gigr
Parker etal 1994, 1997).

3.7 Limitations and Improvements

For optimal use of thALS method described in this paper, it is essential that the borehole be lined and
thata tight sealis createdo prevent vertical flow between the liner and the borehole hiakrs ae
currentlyavailable to conveniently seal holes of diameggeater than 3.5 inchealthough liners are
typically easy to instalkome hydrogeologic conditions suchwd®ere the permeability is low towards the
bottomof the boreholecompleteinstallaion can take a long tim€omplete eversion is desired or else
one loses the opportunity to ALS téisé bottonsection, a distanaegual to twice the length of the-un
everted linerSmall lealsin the liner can cause a decreasAlirs log resolution orcreatemisleading
results However where the hydraulic gradient is downward, typically only the portion of thesdata
above the leak is compromisedner leakage isisuallyeasyto determinewith periodicmeasuements
watercolumn height within the limeand ecent advanadn the FLUTe linedesignhave increased
reliability substantiallyln holes where there is apwardhydraulic gradient between one depth and
anotherthere is potential fathe liner seal acrosssection of the borehale be ineféctive ifthe head
differential imposed by the standing water column inside the isneadequatdor this particular zone. In
such caseghe lack of seal will nobe detecteds liner leakagéhe conditioncan be difficult to discern
with a single themistor probe as used in this papkeowever multi sensor probes that measure thermal

gradientyPehme et. alChapter $are capable of identifying this condition

The heated linetiole method described in this paper has been applied successhdtyank bordole,
diameters between 4 and 12 inches. Resolution is expected to decrease with incoedsitgdiameter
as the distance between the sensor and the fracture facilitating flow become$itavgeer good results

were obtained from a liich hole.
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At present, this method of detecting and judgingameuntof ambientflow in individual hydraulically

active fractures is still qualitative in that there@sbasis for quantifying the flow. Relative flow intensity

is estimatedd.g.weakest, intamediate and strongest) in each hole from the relative size of the aberration,
howeverthere currently is nbasis forcalculaing groundwater velocity or fluxTherealso exists aeed

to better understanding of potential effects of heat induced conméntthe water column inside the liner

that may occudue totemperature gradientsid at what value they become significant

3.8 Conclusions

This study shows that higlesolution temperature profiling in lined holes immediately after heating the
entire hole povides much more information abdtactureswith ambient groundwater flothan does
profiling in the hole lined but without heatingost importantly, the heating provides identificatiofs
ambient flowthroughout théoreholelength not justwithin the heterothermic zoneo there isess bias
andmorecompletedentificationof hydraulically activeracture In the two holes focused on in this
study, the heating method identifiedanyfractures throughout the 100m thick dolostone aquifbereas
without heatingactivefractures were identifiedrimarily in the heterothermic zon&econdly, hie
identificationsof flow using the heating method do not depend on depdthereforgthe relative
amplitudes of the thermal deviations are expected,tmbrost cases qualitativeindication ofthe
amount of groundwater floim eachzone. More research is needed fprantfication of groundwateflux
andor velocity.

Considering that the three options for temperature profiling are available namelgagdinedhole

and lined, heated hole (ALS), it is most commonly appropriate to only do the ALS test because it
provides the most sensitive results along the entire length of the borehole. In contaminated areas, it is
desirable to limit the length of tintbat the hole is allowed remain open so that cross contamination is

minimized and profiling in the open hole should generally be avoided.

TheALS method is practical for use in many fractured rock investigatienausdiners can easily be
installed inhdesof greater than 3.5 inchesameter The fracture identificatiswobtainedrom using the
lined ALS method pertain to the groundwater system under conditions not influenceddrggdbece of
thehole (i.e.ambient conditionsand these identificatiorereof those relevarfior analysis of
contaminant transport. kontrast theonventionahonthermalopenrthole approaches for identifying
hydraulically activeracturessuch aoreholeflow meteing, full-hole applied salinitgilution and also
openhole temperaturerofiling are governed by the flow conditions inducedbyeholecross
connections between fractures. Theperthole methodsconsistentlyidentify much fewer fractures than

the ALS techniquén lined holesThe linedhole ALS method commowlidentifies fractures where ATV
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image logs show no features indicative of fractures because the ATV logs are not capable of identifying

the smallest aperture fractures due to beam width. In some cases even the core show no indication of open
fractures (ie. no break in the rock core). This discrepancy between the rock core and the lined hole ALS
profile is attributed to the occurrence of thin seams of secondary pdrasgityy layers) identified in core

and fractures with active flow near but not actualtgrsecting the boreholé he results presented in this

paper are a step gontinual improvement fardvanedtemperature logging fdrigh resolution

characteriation ofgroundwater flow irdiscretefractures andconduit in bedrock systems
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3.10 TABLES:

Table 3-1: Details of data collection steps in the ALS process

Stage Details Purpose/Comments
Ambient temperature ehefluid | Provides base against which &ssss:
column in the boreholis amount of heat added
Background | measuregrior to the additio of | targetvaluesof thermalrecovery
1 heat. basis forconfirmingoverall borehole therma
P-afipa s s i vigcolledted at| stability (see C3)
aslow rate of decent (0:8.7 optimally completed the afternoon prior to
m/min) heating
Energyis introducedwith a line | Used toestimate amount of heat added
heater (typically at 220 W/m data tends to be noiggresumed to be
_ for 4-6 hrs) uniformly down primarily caused by small changes in the
2 | Heating borehole distance between the heat source and

A1 fActivedlogis collected
(1.52 m/min) which measures
temperature prior to turning off
the heater

sensor(s)
power depends on heater(s) used and voltg
applied

timed to end near end of heatingle

3 | Recovery

C1li Log collected during
cooling, starting approx. ¥2 hou
after heater turned off {1.5
m/min)

Heater may be removed depending on
logistical considerations

provides indication of the early stages of
cooling

most variable of the recowelogs

C2i Cooling log started at
approximately the same length
of time after the heater is turne
off as total heating (i.e. usually
~5%26Y% hrs after end of
heating),(0.8-1m/min)

Desi gnated as start
good indicator of flow zones

theordical start of linear decay (Beeh. al.
1971 Pehme et al 2007a),

used to estimate thermal conductivity

C31 logged the next day
(approx. 24hrs after the start of
heating) at 0.8.7 m/min

Well into late stage recovery

used in estimation of therieonductivity
compared against P log to access recovery
process and overall thermal stability
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Table 3-2Details of temperature logs collected during ALS process in MW25.

Log Date & Time Time from reference
(March, 2006) (s-from heat on/off

Passive (P) 6"

Heating 8" 8:30- 12:40

Active (A) 8", 10:30 7200- heat on

Cooling 1 (C1) | 8" 13:15 2100- heat off

Cooling 2 (C2) | 8" 16:00 12,000- heat off

Cooling 3 (C3) | 9" 09:15 74,100- heat off
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3.11 Chapter 3 Figures
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Figure 3-1: Terminology and characteristics of thermal zones and temperature profiles

in the static water columnof alined holeresulting from heat transport by groundwater under

ambient conditions.

The transient abertians displayed on temperature profiles (column D) are used to identify fractures
with active groundwater flow for the case where shallow temperature is generally higher than in the

deeper zone. An aberration is a feature on the temperature log atttdbogtedndwater dw
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Figure 3-2: Conceptual model for identification of fractures with active groundwater flowusing
the ALS method

Heater cable heats entire hofle§ hours) and is then turned @fhd he system gradually returns
towards background thermal conditidemperature profiles amllectedare typically collected
threetimes while the heat is dissipatédl, C2 and C3)The passive temperature log identifies
fractures only in the heterothemrzone but the cooling logs can identify fractures throughout the
entire borehole deptiind in all cases as negative inflections from the base level
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Figure 3-3: Model domain and the numerical grid.
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Figure 3-4: Temperature at the borehole centrgat fracture and 1.5m below)from numerical
models heating and cooling associated with a single fracture.

Typical periods of data collection are shadedlldwing heating the hole, temperature piiofi, is
done on three occasigmeferred to as cooling logs {CC2, C3). Aberrations become less apparent
as temperature decreases successively with eaatittothewater in the lined hole retung towards
thebackgroundpassive) condition. The active profile is obtained just before heating ceases
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Figure 3-5: UW25 Comparison of ®lected data set withrepeatedpassiwe temperaturelogs
Highlighting thermal uniformity below hetero -homothermic boundary and the few flow zones
in comparison to core and straddle packer testing.

A- Stratigraphy, BATV travel time as virtual caliper,-CGhaded gamma log {00cps), D Core
fractures, ERock quality description (RQD-100), F Fractures/m €5 (core), GFractures/m €5
(ATV amplitude), HI-Straddle packer tesis5m intervahydraulic conductivity 18-10* m/sec, log
scale), HStraddle packer tes@n interval(hydraulc conductivity 10-10° m/sec, log scale}Flow
(heatpulse-0.7-11/min), K-Incremental change in flow-O open hole temperature 2/7/05, Lined
Temperature 19/8/05, M23/8/05, N6/3/06 (normalized to earlier probe response) (all temperature
logs 11.7512.75 @G P- gradient open hole temperatutg ¢0.05 to 0.05 @, Q-Thermal Deviation
(M), R- Thermal Deviationl{), S-Thermal Deviation®). (Q,R&Srange =0.04 t0 0.04 @. &
Interpreted Flow Open Hole (O); mterpreted Flow Lined Hole (P,Q&R) (Qitakive flow
interpretatiorvVery High, High, Moderate Low andSoms).
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Figure 3-6: UW25 ALS Data and Thermal Deviation CtC3 temperature used to identify many
more flow zones in the lower half of the borleole consistent with other data indicative of
potential flow.

A- Stratigraphy, @nterpreted discontinuities from ATV amplitude;ATV travel time as virtual
caliper (95108mm), Eshaded gamma log-&0cps), FCore fractures, Gock quality description
(RQD, 0-100), HFractures/m (core);Fractures/m (ATV amplitude) - Btraddle packer tesis5m
interval (hydraulic conductivity 18-10* m/sec, log scale)-Straddle packer tes@m interval
(hydraulic conductivity 13-10° m/sec, log scale]N-6/3/06 Pasive Temperature, Q@ Cooling
Logs C3,C2,C1R-Active Temperature during heating (all Temperature logs-81880 @), S-
Thermal Deviation,-0.0040.004),T- Thermal Deviation®,-0.0150.002),U- Thermal Deviation
(P,-0.0250.005),V-Thermal Deviatn (Q,-0.1-0.015). aInterpreted Flow ALS.ined Hole
(combined C1,C2)b- Interpreted Flow Open Hol&igure 5, ¢ Interpreted Flow Lined Hole\),
(Qualitative flow interpretatioWery High, High, Moderate Low andSomg. W- Flow zones/m
ALS interpretaibn (a)**Labeling sequence is consistent with Fig3-&**.
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Figure 3-7: Detailed comparison of UW25 ALS profiles with other data sethighlighting
negative aberrations in C1 and C2 profiles indicative ofiow.

Note fracture frequency histograms are removed and passive temperature data from 2005 added.
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Figure 3-8 A: UW25 Detailed Examinafon of absolute and standard deviation of repeated
passive temperature logs in homothermicane,note standard deviation declines linearly with
depth. B:UW25 ALS Standard Deviation emphasizing C1 and C2 are independent of depth.
A-Purple(9/08/05) and Blue(23/08/05) Standard Deviation of Temperature (1m moving window)
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3.12 SUPPLEMENTAL MATERIAL

3.12.1 Supplementary 1- Temperature data normalization between probes and the
heterothermic-homothermic boundary

The sensors used in the thermal probes rely on measuring the variations in electrical resistivity in a
small wire that result from changes in its temperature. Although the system can be designed to be
electronically stable ahdetect minute changes in resistivity and hence relative temperéeres,

proper calibration to absolute temperature at a similar accuracy is a challenge. Although, the variation
of resistivity with temperature is stable and gradual, the relationshé@itier consistent between

sensors nor is it entirely linear. In the calibration process (Blhom, 2011) the sensor is monitored
continuously while immersed in a water bath that is slowly cooled frefd 800C. Reference
temperatures are measured atitervals and the two data sets subsequently related usingfit pest

3rd ordempolynomial.Errors are introduced iné¢habsolute accuracy of the resistivigmperature
calibrationby factors such as sensor reference separation, convection, differesiiiad emd the

entire process is dependent on the accuracy and time constant of the reference probe. However, the
calibration spans more than*tlines the resolution of the sensors providing a high degree of relative

accuracy and the stability of the elextics is proven experimentally as described in the main text.

The data collected in March 2006 with a second (new) sensor were normalized to the original sensor
used in August 2005 by plotting the difference between the profiles against the Mardfigiat (

3-10). The lower 50 meters of the borehole (approximatefyrd@dings) exhibited a linear

relationship with an R= 0.97. The normalized March passive (background) data are used for the
purposes of assessing and describmggtemporal temperature variations and the characteristics of the
transition from heterothermic to homothermic conditions. In all other comparisons and discussions
the March data are dealt with in their original form. It is noteworthy that it is the dnrgh df

sensitivity achieved that necessitates normalization, and such differences would be only marginally

detected with older generation sensors.

The suite of passive logs, August (2) and March (1 normalized), are shéigure3-11, as well as
the change logs (using the process described by Pehme et al (Ha@¥he Augus®™, 2005
smoothed profile as the reference and an open holghksat flowmeter data set (collected May
25" 2009. The change logs are shown botirmalized by time (an expandédpthscaleis usedo

emphasize change below 25 metres) and the total change (below 10m).
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Based on the change logs, the temporal variability of the borehole is divided into three distinct depth
ranges 1) ebove 25mbgsthe temperature changes are large with several potential subdivisions based
on major changes or inflectionstime profiles, 2) from 25 to 37.5nmbgs theréas low but distinct

time dependent temperature variabjléynd 3) kelow 37.5nbgsthe short ternf14 day) change is

relatively constant with depthiarying by approximately 10C4 a levelconsistent with the resolution

of the sensor and tleomparatively short time spaeriod usedo fitime-normalizeo the change. The
seasonal (AugMarch) change is alscelow the reported sensor resolution throughout the entire depth
range (50m)Snceoverall (absolute temperatur@yrmalization was completed using the Aug 23

data and the change is calculated against the Aufysbflle, this validates the normalizatio
processised between sensoltsis worth roting that the August to March change below 37gs

appears relatively uniform because a 290 day time span was used-tmrmalize the changehich
suppresses short term variability (in comparison to the 8iL2@i change log)t is notable that a

broad parabolic pattern occurs between 40 and 90mbgs with the largest temporal change occurring at
56 mbgs coincident with the bundary between where the ogerie heafpulse flow meter could not
measure because too much crossonnected flow above and measurable flow belbhis same

depth corresponds tofractureageologic change araiminor increase in transmissivity based on
packer tests. Based on temperature change the limit of the heterothermic zoiygméetbas 37.5

mbgs although the majority of the temporal variability is above B§sand the intervening zone is

transitional.

3.12.2 Supplementary 2- Standard Deviation vs Temperature i Passive Temperature MW25
Guelph

Sokal and Rohlf (1981) describe a linegationship between the mean and the standard deviation as
a defining characteristic of a Poissdistributed, data s¢hatwould be asymmetrically distributed

about a specific value. By definitipthe temperature in the homothermic zone is stabletowerand
independent of the driving forces of heterothermic variabilibhereforeto better understand the
mechanisms influencing the response it is useful to resolve whether the systematic decrease in
standard deviation is related to position in thelggio sequence, (i.e. distance from the driver of
thermal disequilibrium) or the temgadure Figure3-12is a plot of the standard deviation within
sequential 1m windows as a function of the average temperature within that viindbes three

passive lined logs below 3fibgs. The March data is shown without normalization of the data against
the older probe and therefore shown in at a different scale in the insert. The July and August data
display a repeatable linear relationsi = 0.92 and 0.94 for the 9/8/05, 23/8/05 da¢spectively)

above approximately 11.45 and a standard deviation of approximately<2@®’ C4. The same trend
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is apparent in the March data although that log is more variable (has higher deviatidovesdRa
value,R*= 0.62) due to the affects of water movement (see main text). BelowAT 185 standard
deviation declines at a progressively increasing rate as the temperature decreases and below
approximately 11 & (a standard deviation of 0.004@he two are independent. It is likely that both
the distance from the driver of disequilibrium (the heterothermic zone) and temperature are factors
near the transition to heterothermic conditions but that the resolution of the probe is becoming an
increasigly large component of the variation in readings as temperatures reach the local lower limit
of the plot Additional testing at different background temperatures and with the trend reversed (i.e.
temperature increasing with depth) is required to furtremlve the relationship between probe
variability and changing temperatures

3.12.3 Supplementary 3 Absolute Deviation & Standard Deviation vs Temperature i ALS
Cooling Logs Temperature MW25 Guelph

To provide comparable data for the ALS (C1,C3,and passive) lagto the August passive data
previously discussed, the average absolute deviation of one metre intervals is plotted against depth in
Figure3-13 and the standard deviation against temperatuFggimre 3-14. Figure3-13 shows that the
average deviation is several times larger than the March passive data case and there is no decline in
deviation with depth in C1 or C2. The C3 data is transitiatadome depths (e.g.-43 and baw

80 mbgs) similar in pattern to C2 and at othéepth(e.g. 5258 and 6978 mbgs) aligned with the

passive log.

Figure3-14 shows all four data sets P, C1,C2 and C3 together as well as P,C1 and C2 in expanded
version as an imst. The figure confirms that the comparatively large variations in the C1 are
independent of the actual temperature and that there is a gradual trend towards the uniformity of the
passive data as the borehole undergoes thermal recovery. Although dreestdinidard deviation

values have decreased to below 0.006€C2 and aslight decline in values occat lower

temperatures, the values are both variable and do not exhibit a strong trend. The overall pattern of the
C3 standard deviations against tenapere is similar to the passive log (described above), however

with largerirregularities. The implicatiofor this cases that, by the following daymost, but not all,

the effects of heating the borehole have dissipated.
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Figure 3-10: The difference between March and Aug 23 logs plotted against March data.
Linear regressiorin lower portion (55m) used for to normalize March log to August.
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