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Lightning Summary

The unanticipated encounter of geothermal water in an exploratory shii for
undergroundResolution Copper Minproposed by Rio Tinto will increase power requirements
for mine dewatering and cooling by at leadtmegawatts, in addition to increasedtsasf
ventilation anccorrosion of equipment. The failure of Rio Tinto to estimate total power
requirements and to seek any power source besides the local grid leads to serious questions
regarding the profitability of the project.

Abstract

Rio Tinto hassubmitted a proposal to the U.S. Forest Service for an underground mine,
called the Resolution Copper Mine, within a mix of federal public land (Tonto National Forest),
Arizona state trust land, and private lamdhich would producene billion pounds ofopper per
year.The objective of this study was to evaluate the ability of Rio Tinto to profitgi#rate the
mine, regardless of the social and environmental impact of the mine. The objective was
addressed by considering unanticipated costs, in pauntjche encounter of geothermal water
(180°F) in a 694300t-deep exploratory shaft at a flow rate of 1400 gallons per m(gpte).

The additional costs of mine dewatering and refrigeration were estimated using-aideest
scenarios. The Thiem Equatitor steadystate groundwater flow was used to estimate an entry
rate for geothermal water 8800gpm for the completed mine. The Hazéfilliams Equation

for pipe flow was then used to estimate a power requiremeérzraegawatts (MW) for

dewatering. The theoretical maximum coefficient of performance for exchange of heat between
the surface and the geothermal water was used to estimate a power requirement for refrigeration
of another 12MW. The minimum total power req@ment for mine dewatering and refrigeration

of 24 MW is equivalent to the average power requireme20¢d00U.S. householdS he worst

case scenario is difficult to estimate, but if more highly fractured rock is encountered during
construction of the uraground mine, the additional power requirements could easily be 100
times greaterAdditional costs of ventilation, due to gases exsolving from the geothermal water,
and corrosion of mine equipmedue to the persistent saturated atmosphezee not

corsidered The most disturbing issue is the failure of the General Plan of Operations to estimate
the total power requirements of the copper mine or to seek any source for power besides the local
grid of the Salt River Project. Based upon the above condemgot recommended that anyone
invest in the copper project without clarification of power requirements and sources.
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Introduction

Rio Tinto has submitted a proposalthe U.S. Forest Servi¢er an underground copper
mine, called th&kesolution Copper Mine, within a mix of federal public land (Tonto National
Forest), Arizona state trust land, and private l@ee Fig. 1)which wouldproduce one billion
pounds of copper per ye@Resolution Copper, 2018a, 2018bhe proposal includesn
exchange of 5344 acres of |lapidvately held by Rio Tintdor 2422 acres of the Tonto National
Forest(Resolution Copper Mining, 2014d)he Arizona Mining Reform Coalition and 15 other
organizations have submittedoping comments to the U.S. For8stvice that describe a wide
range of detrimentadocial andenvironmental impacts of the proposed copper project (Arizona
Mining Reform Coalition et al., 2016). Those social and environmental impacts will not be
reviewed or further developed in this study

The objective of this study is to address the following complementary question: Can Rio
Tinto profitablyoperatethe proposed Resolution Copper Mine regardless of its impact upon
society and the environment? The objective has been addressed by foausiadotiowing
guestions:

1) Are there significant unanticipated costs that were not foreseen in the/thuese General
Plan of Operations (Resolution Copper Mining, 20t¥a
2) Are there significant anticipated costs that were not adequately addressethieérolume
General Plan of Operations (Resolution Copper Mining, 2@)2a
Although this study has been prepared at the request of the Arizona Mining Reform Coalition,
the intended audienceiigdividuals or companies who might wish to invest incbpper project
or the companies managing the copper project. For context, Resolution Copper Mining is owned
55% by Resolution Copper, a Rio Tinto subsidiary, and 45% by BHP Copper,-8iBitt
subsidiary (Rio Tinto, 2018).

The most significant unantjgated costthus farhave been the costs associated with the
unexpected discovery of geothermal water at the location of the proposed underground mine. In
2007 drilling began for the 6948ot-deep 28foot-diameteNo. 10 shaft, which was intended
for both exploration and as the primary access point for the underground mine (E&MJ, 2014).
According to a summary of a presentation by Tom Goodell, general mansiugzit

devel opment for Resolution Copper, fAPRPtoductiyv

water. O6Iln | ate December [2012], we hit a | ot

[ gall ons per minute]éThe consultants told us
[

e
feetéThey kind of missed tdhat aalsl .quWe ehidtr aimta
2014;seeFig.2f he summary continued, AThe other wrin
ground at shaft bottom is as high as 170AF (7
discovery was a twgear delayn drilling for the installation of upgraded pumping, refrigeration
and ventilation equipment (see Fig. 2). The shaft was completed in 2014 and is now the deepest
singlelift shaft in the U.S. (EM&J, 2014; Resolution Copper, 2018c).

Later reports indicatethat the entry rate of geothermal water into the No. 10 shaft had
increased by over a factor of three to 1400 gpm. According to a ref@gldamberg
Businessweek fifAot-téll submersible pump in 20 feet of water beneath the shatft fills a
dumpsterssize tank. From the tank, two large pumps each shoot 700 gallons per minute up to the

surfaceo (Phillips, 2016). The existence of t
pump) was confirmed by the Arizoaily St ar |, ATwo huge watoéthe pumps
caveo (Bregel, 2016). The report by Bl oomberg



elaborate refrigeration system that pumps chilled air down Nahé&®ottom of the mine would
be 180AF, far too hot f orb6).én the analsisof thisstudy theh st an
temperature of the geothermal water will be assumed to be 180°F, although it is not clear that
this temperature actually increased since the previous report (E&MJ, 2014).
Based on the unanticipated discovery of gewmila water, the first question regarding
significant unanticipated costs can now be subdivided into two questions:
1) What will be the additional cost of mine dewatering once the underground mine has been
completed?
2) What will be the additional cost of mimefrigeration once the underground mine has been
completed?
Both of the above questions were addressed assuminge@akesicenario at every step of the
analysis, so that the absolute minimum additional costs were estimated. It should be pointed out
thattwo more additional costs are difficult to estimate and could be quite large. These additional
costs are the costs of ventilation, due to gases exsolving from the geothermal water, and the cost
of corrosion of mine equipmerdue to the persistent satudtmosphere. The report by
Bloomberg Businessweek (Phillips, 2016) emphasized that the latter is a real concern. According
to the report, ASteaming hot water pours off
A digital hydrometeronthewalle gi st ers 100 percent humidityo

Methods

The expected flow rate of geothermal water into the completed underground mine was
calculated by starting with the Thiem Equation for stestdye groundwater floor confined
aquifers(Fetter, 2001)

whereT is aquifer transmissivity (product of aquifer thickness and hydraulic conductiQity),
groundwater discharge (positive in the inward radial direction)haaddh; are the hydraulic
headsatdistances: andr. from the center of the pumping well, respectively (see Fig. 3). The
assumption of steaestate flow is a bestase scenario since the reports by E&MJ (2014) and
Phillips (2016) indicate that the entry rate of geothermal water in th&Nshaft has increased

from 460 to 1400 gpm. The flow rate might be increasing since the high hydraulic gradient
created between the open shaft and the aquifer might be causing an increase in the aperture of
fractures within the aquifer. On the other Hatine increase in flow rate might ressilnply from

the increase in penetration of the aquifer from the depth of the first encounter with geothermal
water until the completion of the shaft. Based on Fig. 2, geothermal water was encountered at a
depth 0f6458 feet and the flow rate of 460 gpm occurred when the shaft had penetrated 162 feet
into the aquife(6620 feetelow the surfaceSince the shaft is now 6943 feet deep, the flow

rate of 1400 gpm is taking place at an aquifer penetration of 485 Feeindrease in flow rate is
remarkably consistent with the increase in penetration based on the ratidd @38% = 2.99

and 1400 gpm/460 gpm = 3.04. Since there is no way to reliably estimate any future increase in
flow rate, it will be assumed thatdlilow rate into the No. 10 shaft will continue to be 1400 gpm
indefinitely.
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Figure 1. Rio Tinto has submitted a grosal for an underground copper mine, called the Resolution Copper Mine,
within a mix of federal public land (Tonto National Forest)izona state trust land, and private laadhich would
produce one billion pounds of copper per year. The underground portion of the mining opeoatibbe beneath

the East Plant Site. Figure frdrResolution Copper Mining (2014b).
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Figure 2. While drilling the No. 10 Shaft, the deepest sinlijteshaft in the U.S., geothermal water (Fjwith a

flow rate of 460 gallons per minute was encountered at a dep#b8féet, causing a twgear delay in drilling. By

the time the shaft was completed at a depth of 6943 feet, the flow rate had increased to 1400 gallons per minute.
Figure from E&MJ (2014).
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Figure 3. The Thiem Equation is used to calculate the stesay discharge of groundwater into a well, based on
the transmissivity of the aquifer and the heads at two distances from the pumpingnwaletjual to the well

radius, therh; is the water level in the well. At a sufficient distance from the wellédathe radius of influence of

the well), the head retains its equilibrium level and is undisturbed by the presence of the well. Figure from Fetter
(2001).

Eq. (1) can be rewritten as

SRR S >
C“ "O "Q ‘l ( )

whereH is the equilibrium head of the aquifer (the head before the shaft was drilleddjsand

the distance from the center of the shaft where the aquifer head is undisturbed by the presence of

the shaft (called the radius of influence of the pumping wellhaft $n this case)n the absence

of any structural or hydrogeologic control, the cone of depression of the pumping well (see Fig.

3) will spread until it intersects sufficient recharge to establish a steady state. The limit of

spreading of the cone of pl@ssion then defines the radius of influence so that

0 “YQ 3

wherei is the average recharge rate. Combining Epgad @) then yields

| T— (4)




The relationship between the current flow rate into the No. 10 ahdfthe radius of the
shaft is revealed by rewriting Edl)(as

I T ©)

whereQ: is the flow rate into the open shééqual to the rate at which water is pumped out of
the shaft)ry is the radius of the shatindh is the hydraulic head in the sh&8ince the shaft is
being pumped all the way to the bottom, the head in the lsimfimply the elevation of the
bottom of the shafin the same manner, the relationship betweerfutioee flow rate into the
completedunderground mine and the radius of the completed mine is given by
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whereQ is the projected flow rate into the completed mineraisdhe radius of the completed
underground mine (approximated as a cjrske Fig. 1 Note that the hydraulic head in the

entire mine will be the same as the hydraulic head in the current shaft, since both structures are
or will be pumped all to the bottorihe relationship between the current flow rate into the open
shaft and the futurediv rate into the completed underground mine is then obtained by
combining Egs.%) and ) yielding

vy 7 O . i - 0

51 T—— 7
v 7 Q (7)

Note that, according to Eq. (7)tfeough bothT andH are completely unknown, it is not
necessary to know thegeantities in order to predict the future flow rate as lonlg esconstant

in time, andT is constant in both space and time, which are assumptions in the derivation of the
Thiem Equation (Fetter, 2001).

Eq. (7) predicts thad, the future flow rate into the completed underground mine, must
be greater tha@s, the current flow rate into the No. 10 shaft. This can be seen mathematically
by taking the derivative of Eq. (7) with respectityielding

Q0 - 0 0
ar P '

(8)

The quantity in parentheses in Eq. (8) must be greater than one because of Eq. (3) and the
observation thaR, the radius of influence of the well, must excegtthe radius of the well.

Since both the quantity in brackets in Eq. (8) and the-hghtl side of Eq. (8) are positiv@,

must be an increasing functionrofin other words, as the underground mine expands, the entry
rate of geothermal water must incseaThe same result can be obtained intuitively by noting
that, as the mine expandsrfcreases), the edge of the mine moves closer to the radius of
influence. This increases the hydraulic gradient since the hydraulic head in the mine is
independent of & size (the water in the mine will always be pumped down to the bottom of the
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mine). A counterbalancing factor is that, according to Eq, (2), the radius of influence moves
farther from the center of the well (or mine) as the pumping rate (equal to theatatn
steadystate) increases. However, there will be a net increase in hydraulic gradient, aQd thus
since the radius of influence increases only as the square 1Qot of
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Figure 4. The underground portion of the Resolution Copper Mineld be beneath the East Plant Site. For
estimation of the flow rate of geothermal water, the underground operation was approximated as a circle with a
radius of 1400 meterfigure from Resolution Copper Mining (2014b).

The flow rate of geothermal water irttee underground mine can then be estimated from
a knowledge 001 (1400 gpm = 0.08833 {fs), r1 (14 feet = 4.267 mY,andR. The value of
was estimated as 1400 meters from the plan view of the underground mine, which will be
beneath the East Plant Sigze Figs. 1 and 4). The most difficult parameter to measurthes
average recharge rate of the deep confined aquifer that is the source of the geothermal water. In
humid climates, the typical recharge rate can be estimated as the average pradigitgationus
the average evapotranspiration rate minus surface runoff. However, this procedure fails in arid
climates where average evapotranspiration exceeds average precipitation. Based on the nearest
weather station at Miami, Arizona, theean annugbrecipitation is 18.8 inches at the East Plant
site, while themeanannual evapotranspiration is 55 inches (Resolution Copper Mining, 2014a).
Recharge in arid climates occurs only through sudden events, such as thunderstorms and flash
floods, which can t@porarily overwhelm the counterbalance of evapotranspiration. Even with a
knowledge of precipitation patterns, the most important controlling factor is the soil texture, due
to its influence on the surface infiltration rate (Charbeneau, 2000). For exaiipigquerque,



New Mexico, with an annual precipitation of 8.2 inches, has been estimated to have groundwater
recharge rates of 0.2335 inches per year, depending upon the soil texture (Charbeneau, 2000).
However, according to the General Plan of Operatis , fAVery few soils dat a
EPS [East Plant Site]o (Resolution Copper Min
of either mined land or rock outcrops (Resolution Copper Mining, 2014a), so that surface
infiltration rates are contted by the characteristics of surface fracturing, wiaickagain
unknown. Even if the surface infiltration rates were known, it woaokbe known how much of
that infiltration contributes to recharge of the deep aquifer under consideration, as opposed t
shallower aquifers.

Following the objective of this study to consider the {oase scenario for power
requirements, it was decided to assume a recharge fiateOof inches peyear(8.049 x 10+
m/s)as the minimum reasonable recharge fadetunately, the correct choice of recharge rate is
not critical since the flow rate of geothermal water depends only upon the logarithm of the
recharge rate (see Eqg. (7)). The assumption of a minimum recharge rate mithenjzeslicted
flow rate into tke future underground mine. As above, this can be seen mathematically by taking
the derivative of Eq. (7) with respectitgielding

C
C
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It has already been shown that the quantity in parentheses must be greater than on@and that
Q1, so thalQ must be an increasing functionioDtherwise, it should be intuitively clear that
increasing the rate of recharge of the deep aquifercaiise the expansion of the underground
mine to intercept greater flow rate of geothermal water.
The power that is required to pump water from the bottom of the mine or shaft to the
surface depends upon both the static head and the head loss dumtolfeiwveen the moving
water and the pipe. zahd 6 he loscallddibe oomislymamicc he a
headTDH (Nathanson and Schneider, 2014). The static head is simply the vertical distance from
the bottom of the mine or shaftto theu r f a 6943 fegb=2116.226 m). The head loss is
given by the empirical Hazewilliams Equation (Nathanson and Schneider, 2014)

. §) 78

” n - 10
yQ 0 Y L (10)
whereQ is the flow rate in gpnC is the roughness coefficierd, is the pipe diameter in inches,
andLi s t he | engt h oH). Theiropghnegs soefficeent ig tygicallg chasesCasp
= 100, which is appropriate for cast iron (Nathanson and Schneider, 2014). Based on the photo in
the Arizona Dally Star article (see Fig. 5), the pipe used for shaft dewatering has a diaeter of
= 6 inches. Continuing the practice of basing power requents on a besase scenario, the
length of pipe is assumed to be simply the vertical distance to the surface (se that 6943
feet = 2116.226 m), which would be an absolute minimum length. Since some portion of the pipe
is horizontal (see Fig. 5he assumption minimizes the head loss from friction and, thus, the
power required to overcome the head loss.

It cannot necessarily be assumed that mine dewatering will occur through a single pipe or
that the current No. 10 shaft is being dewatered tir@usingle pipe (see Fig. 5). However, the
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assumption of a single pipe again constitutes adsesst scenario. For example, based on the
Continuity Equation (Nathanson and Schneider, 2014)

‘O
T

0 (11)

wherev is flow velocity (assumed to be constant), if a total flow @ie divided through two

pipes, then each pipe must have diamé&®Ac. In that case, using Eq. (7), the head loss through
each pipe will b&.245times the head loss through a single pipdiafmeteD, for a total head

loss of4.9timesthe head loss through a single piface the flow rat€ has been calculated
fromEqg.(4)and t he Ihhasabden talwwdated fipm Eq. (7), the power required for mine
dewateringPdewateriS given by

0 3 3Q0” Q (12)

where } is the den)srddisgaccelérationaude ¢orgraityl(R8s k g/ m

Figure 5. Based on the photo, the pipe diameter for mine dewatering was assumed to be six inches. Moreover, since

the pipe in the photo is horizontal, the assumption that mine dewatering is accomplished through a single vertical

pipeisabest ase scenario. The photo caption clarifies that
sendittoawatertreaennt f aci |l ity on the surfacedo (Bregel, 2016) .
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