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[bookmark: _Toc315794786]Executive Summary
The major aim of this project was to assess the sustainability of current operations at Chena Hot Springs. To achieve this, a new conceptual model was developed through careful analysis of the following; newly acquired and old well temperature and pressure logs, new and old pressure interference tests, and a comparison of recent and 2006 well water chemistry. 
The new conceptual model comprises three separate zones, Shallow, Middle and Deep, which though separated by extensive lateral barriers, show interaction through intrawellbore flow. The Shallow Zone contains the main resource which sustained the Hot Springs Resort before the extensive development in 2006. The Deep Zone was targeted by the GRED III drilling program to provide >160 F fluid for generate power generation. The sustainability assessment looked at the Shallow and Deep zones separately and determined the extent to which each Zone had been thermally degraded or pressure depleted. The study found that the Shallow Zone had undergone substantial cooling up to 40F with minimal pressure depletion. Conversely, the Deep Zone experienced no thermal degradation but a pressure decline of 20-30 psi.  A decline in temperature at the inlet of the Power Plant previously attributed to thermal decline of the Deep Zone was most likely caused by downflow in wells such as TG9 of cool water from the Shallow Zone, exiting in the Middle Zone and being coproduced with the deeper resource. 
Assessment of the resource was hampered by a lack of data on the well production and injection rates as well as quantification of fluid volumes discharged into local creeks. Without this data, building a predictive numerical model would be a futile exercise.  An initial state model was derived with appropriate properties and boundary conditions but requires additional time to match the model temperature distribution to the 2006 well temperature profiles.  
Contents
Executive Summary	2
Table of Figure	5
Chena Hot Springs Reservoir Assessment: A sustainable future ?	8
1	Introduction	8
2	Geological Description	11
3	Resources	12
3.1	Operational Setup	12
3.2	Reservoir Assessment Prior to 2006	14
3.3	Well Changes since 2006	21
3.4	Interwell Interactions	58
3.5	Water Chemistry	71
4	Conceptual Model	73
4.1	Shallow Zone	74
4.2	Middle Zone	76
4.3	Deep Zone	77
4.4	Sustainability Assessment and Recommendation	79
5	Reservoir Model	80
5.1	Initial State Model	80
6	Recommendations and Future Work	83
6.1	Data Collection	83
6.2	Flow meters	84
6.3	Tracer Test	84
7	References	89
8	Appendices	91
8.1	Water Chemistry	92
8.2	Location of Resources	94



[bookmark: _Toc315794787]Table of Figure
Figure 1 Sustainable Production Strategies	10
Figure 2 Monthly Total Generated Power at Chena Hot Springs from August 2008 to December 2010	14
Figure 3 Location map  of well drilled at Chena Hot Springs showing temperature contours at 0.5 m from (Holdmann, Benoit et al. 2007)	15
Figure 4 Initial Interpretation of the temperature data along the axis of the near surface thermal anomaly (Holdmann, Benoit et al. 2007)	17
Figure 5 Map of Static Pressure at an Elevation of 1120ft in holes less than 300ft deep from (Holdmann, Benoit et al. 2007)	19
Figure 6 Map of Static Pressure at an elevation of 1120ft in holes greater than 300ft from (Holdmann, Benoit et al. 2007)	20
Figure 7 Static Temperature Profiles for TG6	22
Figure 8 Static Temperature Profiles for Well 1	23
Figure 9 Static Temperature Profile for TG10	24
Figure 10 Static Pressure Gradients for TG6	25
Figure 11 Static Pressure Gradient for Well 1	26
Figure 12 Static Temperature Profiles for Well 2	27
Figure 13 Static Temperature Profiles for TG2	29
Figure 14 Static Temperature Profiles for TG11	30
Figure 15 Static Pressure Gradient for Well 2	31
Figure 16 Static Pressure Gradient for TG2	32
Figure 17 Static Pressure Gradient for TG11	33
Figure 18 Static Temperature Profiles for Well 6	34
Figure 19 Static Temperature Profiles for TG1	35
Figure 20 Static Temperature Profiles for Well 5	36
Figure 21 Static Temperature Profiles for TG5	37
Figure 22 Static Temperature Profiles for Well 4	38
Figure 23 Static Pressure Gradient for Well 6	39
Figure 24 Static Pressure Gradient for TG1	40
Figure 25 Static Pressure Gradient for TG5	41
Figure 26 Static Pressure Gradient for Well 4	42
Figure 27 Static Temperature Profiles for TG4	43
Figure 28 Static Temperature Profiles for TG7	44
Figure 29 Static Temperature Profiles for Well 3	45
Figure 30 Static Pressure Gradient for TG4	46
Figure 31 Static Pressure Gradient for TG7	47
Figure 32 Static Temperature Profiles for TG3	48
Figure 33 Static Temperature Profiles for TG8	49
Figure 34 Static Temperature Profiles for TG9	50
Figure 35 Static Temperature Profiles for TG12	51
Figure 36 Static Temperature Profiles for Well 7	52
Figure 37 Static Pressure Gradient for TG3	53
Figure 38 Static Pressure Gradient for TG8	54
Figure 39 Static Pressure Gradient for TG9	55
Figure 40 Static Pressure Gradient for TG12 compared with other deep wells	56
Figure 41 Static Pressure Gradient for Well 7	57
Figure 42 Pressure Monitoring at Well 7, June 1-2	60
Figure 43 Close-up of Pressure Monitoring at Well 7, June 1-2	61
Figure 44 Pressure Monitoring at TG9, June 1-2	63
Figure 45 Pressure Monitoring at TG1, June 1-2	64
Figure 46 Pressure Monitoring at TG3, June 1-2	65
Figure 47 Pressure Monitoring at Well 4, June 1-2	66
Figure 48 Pressure Monitoring at Well 7, June 2-3	67
Figure 49 Pressure Monitoring at TG1, June 2-3	68
Figure 50 Pressure Monitoring at TG3, June 2-3	69
Figure 51 Pressure Monitoring at TG12, June 2-3	70
Figure 52 Pressure Monitoring at Well4, June 2-3	71
Figure 53 Chlorine vs. Fluorine ion concentration changes over time	72
Figure 54 Lithium vs. Boron ion concentration changes over time	73
Figure 55 Shallow Well Temperature Changes since 2006	75
Figure 58 Shallow Well Pressure changes since 2006	76
Figure 56 Deep Well Temperature Changes since 2006	77
Figure 57 Deep Well Pressure Changes since 2006	78
Figure 61 Detailed Conceptual Model	79
Figure 62 Screenshot of Initial State Model Iteration	81
Figure 63 Initial State Temperature Iteration Example	82
Figure 64 Initial State Pressure Iteration Example	83



[bookmark: _Toc315794788]Chena Hot Springs Reservoir Assessment: A sustainable future ?
[bookmark: _Toc315794789]Introduction
The major aim of this project was to assess the sustainability of the current operating conditions at Chena Hot Springs. This was to be achieved primarily by analyzing and interpreting changes in the pressure and temperature profiles of the wells in conjunction with new water chemistry and interference test data. Prior to 2006, geothermal resource use was limited to artesian hot springs, space heating utilization and a heated pool and the system appeared to be self sustaining (i.e. no fluid re-injection) at  a rate of~300 gallons per minute (gpm) extraction. Following the installation of a 0.4MW power plant to be fed with 500 gpm 160 F fluid, two large year round greenhouses and a chiller system to cool the permanent ice hotel in the summer, demand on the geothermal resource has increased dramatically. As a commercial entity, it is imperative that the resort owners know if the current level of resource use is sustainable or might even be increased. 
Before it can be assessed whether operations have been and will continue to be sustainable, the term “sustainable” needs to be better defined.  Distinguishing between sustainable and renewable as it applied to geothermal is also important as they are frequently and erroneously used interchangeably. 
One simple definition of renewable in the context of energy resources might be that energy extracted from a renewable resource is always replaced by a comparable amount of energy. This definition includes no timescale and, while applying to wind, tidal or solar energy resources without further qualifications, applies less well to resources such as geothermal and biomass. Clearly geothermal and biomass are renewable on a certain timescale but the energy extraction must be managed and it is from this that the concept of sustainability arises. The Bruntland report (Development 1987) defined sustainability as “a pattern of resource use that aims to meet human needs while preserving the environment so that these needs can be met not only in the present but for generations to come”. With this definition as a starting point, we must further explore the practical forms that sustainable development could take for a geothermal field.
Operations tend to focus on what the production and injection well rates should be to ensure long term sustainability. Enthalpy extraction or well drawdown are possible alternative operational parameters. Enthalpy is a true measure of the sustainability of a system. We are primarily concerned with the extraction of heat but are limited by mechanical considerations, i.e. we would rather have a lower flow rate of hotter water than an increasingly higher flow rate of increasingly cooler water. For practical applications we are unlikely to control production according to enthalpy but instead to ask, “what production rate should I use to ensure that the produced fluid remains hot enough for to meet our needs. Convention suggests that a defined constant production/injection rate be targeted for long term operations but sustainable does not have to mean constant. Figure 1 illustrates some of the different approaches we might take to defining what sustainable production might look like for a field. On the y axis flow rate, pressure drawdown or enthalpy are defined. The green line represents what we commonly think of as sustainable i.e. what well rate will ensure that there is adequate thermal or liquid recharge to continue producing the system indefinitely at this rate. However the blue and red dashed lines are also “sustainable”. The blue line represents a system with high heat or fluid extraction followed by a shut in period which allows for thermal or fluid recharge. The red dashed line is a compromise between the two and the exact scheme chosen will depend on the needs of the users. i.e. perhaps there is a need for more fluid to be produced for space heating during the winter months but the summer season has a much lower need and the reservoir can be shut in.[image: ]
[bookmark: _Ref314208972][bookmark: _Toc315794812]Figure 1 Sustainable Production Strategies
In order to define what sustainable means for Chena Hot Springs, many questions need to be answered: What are the current operating methods ?, What is the geothermal fluid production currently used for ? What proportion of fluid is reinjected ? How has the resource responded to much increased fluid extraction ? What might the future needs be ? This project aimed to find and document the answers to many of these questions
A considerable amount of time was dedicated to collating and standardizing data from previous projects. Chena Hot Springs has had many different employees as well as many researchers from SMU, Stanford, UAF and independent geothermal consultants involved with multiple projects since 2005. Unfortunately there was no clear database of this valuable information, something that this project has rectified. I hope that we have developed something that will be easy to maintain and allow future researchers to rapidly see how their project fits into the greater Chena story.
[bookmark: _Toc315794790]Geological Description
Although no new geological data was acquired during this project, a summary of the previous models is provided as it was used in the interpretation of new temperature and pressure logs. The geothermal resource was first identified though the surface expression of artesian hot springs. These are located on the floor of Monument Creek Valley close to the intersection of the Spring and Monument Creeks. The predominant rock type is fractured granite overlain by 30-40 foot of highly permeable alluvial fill. Emplacement of the pluton is estimated between 59-90 Ma years ago (Biggar 1973; Kolker 2008) with an initial temperature of 750-930 F. It is highly unlikely that the geothermal system is sustained by cooling of this pluton. Instead radioactive decay within an early Tertiary pluton which underlies the main Chena pluton is thought to be responsible for the high heat flux in this area (Kolker 2008) with deep circulation of surface meteoric waters providing a likely explanation for the resource. It is still unclear how these hot fluids migrate to the surface. One interpretation is that they arise along the intersection of two inferred faults although the surface evidence for such faults is lacking (Kolker 2008) and the geophysical data collected was also inconclusive. Regardless of the migration pathway, hot fluids make their way to the surface at the center of an elongated thermal anomaly described by (Wescott and Turner 1981). They also appear to migrate to a zone around 600ft below the Western well complex (TG8,Well 7,TG9). The changing reservoir dynamics analyzed during this project help to better define the nature of this upflow. 
Cuttings taken during the GRED III drilling projects showed complex interfingering of fine sand course grained granodiorite. No faults were observed during drilling though several major fracture zones were identified (Kolker 2008).
[bookmark: _Toc315794791]Resources
The commercial history of Chena Hot Springs began around 1910 with the installation of a bathhouse, stable and cabins for local visitors. Today that small operation has grown to include 2 large greenhouses which provide the resort with fresh produce year round, an indoor and outdoor pool, hot tubs, dog kennels, lodges and many more buildings, all heated with district heating. There is also a year round ice hotel which is cooled in the summer by geothermal waters fed though a chiller system. In addition to these direct uses of heat, in 2006 a 0.2MW power plant was installed with an additional 0.2 MW installed a few months later. This power plant is the only known plant worldwide to generates electricity from such low temperature geothermal water. Since 2006, the extraction of fluids from the geothermal resource has increased greatly and this project aims to understand what the effect has been on the greater resource and what it might mean for long term sustainability of Chena Hot Springs. 
[bookmark: _Toc315794792]Operational Setup
A key part of any reservoir assessment is identifying and then quantifying all the potential sources and sinks of fluid to the reservoir. This proved to be a very difficult task at Chena Hot Springs. The operational setup at Chena Hot Springs is complicated both by its evolution over the last 15 years and also by seasonal demands.
Prior to 2006, the demand on the geothermal system was low with ~300gpm extraction through Well0 and Well5 and via the natural springs. There were no reinjection activities but at this rate, the system was able to naturally recharge.
The power plant is supplied by the production wells, TG8, TG12 and Well 7. In the past TG9 was also used but was plugged in 2010. Well 5 can be used to supply the power plant but is more generally used for space heating activities. 
Identifying the flowing volumes and their temperature is vital for building a reservoir model. Unfortunately, we have no information on what the well rates are or even which ones are operational over time. They also all have variable pumps installed so we cannot assume any decline in productivity related to reservoir pressure decline. We attempted to back calculate this using the generated power data combined with the inlet temperature but this proved impossible. As seen in Figure 2, whether both ORC units are online and the power they produce is highly variable. The inlet temperature during this time also varies as seen in  Table 1 and without a log of which wells were running over time we have no way to estimate what the production rates were. 
Quantifying the injection rates is also crucial. Fluids from the production wells are used not only in the power plant but also work to heat the greenhouse, operate the ice hotel chiller and heat the buildings. The fluid that is used for building heat is usually then sent either to the rock lake or dumped directly into the nearby stream. Without detailed measurements on how much fluid is going where, we have no way to estimate the injection volume. It is vital that flow meters be installed at Chena Hot Springs, without them there can be no true sustainability assessment. Whilst it is important operationally to know how much fluid is feeding the greenhouses and heating the buildings, from a reservoir stand point we care solely about the volume and temperature of fluids being extracted  and injected. This project recommends the installation of orifice plates on each production and injection well. 
[bookmark: _Ref315688417]Table 1 Average Inlet Temperature at Power Plant 2007-2011
	Year
	Average Inlet Temperature (F)

	2007
	161

	2008
	159

	2009
	157

	2010
	160

	2011
	159
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[bookmark: _Ref315688113][bookmark: _Toc315794813]Figure 2 Monthly Total Generated Power at Chena Hot Springs from August 2008 to December 2010

[bookmark: _Toc315794793]Reservoir Assessment Prior to 2006
In 1979 (Wescott and Turner 1981) carried out a shallow temperature survey by measuring the temperature at 0.5m depth and generating an isotherm map based on the data. Figure 3 shows an elongated temperature anomaly with main boundaries approximately 1000ft long, 300 ft wide and a maximum temperature of 118 F at 0.5m.
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[bookmark: _Ref315165384][bookmark: _Toc315794814]Figure 3 Location map  of well drilled at Chena Hot Springs showing temperature contours at 0.5 m from (Holdmann, Benoit et al. 2007)
The wells at Chena Hot Springs can be broadly divided into five groups according to their initial state thermal and pressure characteristics and location relative to the thermal anomaly. We will examine the changes observed in each group since the start of substantial production in 2006 in order to better understand the reservoir heterogeneity which was hidden before production and also to make an assessment of the sustainability of current operations.
Shallow Wells on the margin of the thermal anomaly (TG6, Well1, TG10)
When these wells were first drilled they had low conductive geothermal gradients of up to 3 times the regional background gradient of 35°C/km
Shallow Wells drilled near the margin of the thermal anomaly (TG2,TG11, Well2)
These wells had higher gradients than the previous group with gradients up to 515°C/km in TG2 but were still predominantly conductive in nature
Shallow wells close to the main hot spring area (TG5, Well4, Well5,TG1,Well0, Well6)
These wells were characterized as exhibiting very high temperature gradients as well as high surface temperatures. They show the rapid vertical movement of fluids to the surface. However both W4 and TG5 exhibited conductive rollover behaviors suggesting that they provide a limit to the up flow region. Classically we think of geothermal reservoirs as having an upflow zone and then an outflow zone. TG5 and Well4 restrict the outflow zone to between 35-80 meters.
Deep Eastern wells (Well3, TG4, TG7)
These wells are characterized by maximum temperatures of only 156 F and both TG4 and TG7 have temperature overturns indicative of lateral flow. In the case of TG7 there are actually two lateral flows indicating complex flow patterns.
Deep Western Wells (TG3, TG8, Well7, TG9, TG12)
These wells show high temperatures at depth with conductive and convective behavior. The heterogeneous nature of the initial temperature curves reflects flow from multiple permeable fractured zones into the well. The relative pressurization of these zones has the potential to lead to intrawellbore flow. These wells saw the highest temperatures of up to 165 F. TG12 shows the rollover effect seen in TG5 and Well4 though at a greater depth, again helping to limit the area for potential upflow.
Reservoir State in 2006
The GRED III final report (Holdmann, Benoit et al. 2007) provided a summary of the reservoir state in 2006. This is reiterated here as the starting point for understanding how 5 years of production has affected the reservoir dynamics. Figure 4 shows an interpretation for the temperature profile along the long axis of the thermal anomaly. The basic model suggested that water at a temperature of over 175 F upwells into the Chena geothermal system below 600 ft near TG8 in the western part of the field. The Chena geothermal system is characterized as a zone of highly fractured granite which is exposed at depths as shallow as 60 ft in TG1 and is the source for the hot spring waters. Pumping of Well0 and Well5 for resort use had decreased the rate at which the hot springs flowed in 2006 but they were still artesian.
[image: ][image: ]
[bookmark: _Ref315177121][bookmark: _Toc315794815]Figure 4 Initial Interpretation of the temperature data along the axis of the near surface thermal anomaly (Holdmann, Benoit et al. 2007)

Part of the thermal fluid flows laterally towards the Eastern wells, TG7 and TG4, and this lateral flow is responsible for the shallow overturns seen in these wells at 150-300 feet. Mixed geochemical properties for the eastern well waters suggest a dilution of thermal fluid with surface waters towards the east and the fact that neither well exhibits the 165 F temperatures seen in the western and hot spring wells supports the model of lateral flow that cools as it moves out towards the east and mixes with the surface waters. 
The deep wells all show convective regimes in highly fractured rocks below 600ft which makes it difficult to extrapolate the observed temperature to depth and target potentially hotter waters. Initial geochemistry supported an estimated source temperature of 240 F.
The staged drilling approach adopted during the GRED III project allowed the identification of distinct pressure regimes for the shallow and deep zones. The pressure at 1120ft for wells drilled to 300ft or less increases towards the eastern end of the field as shown in Figure 5. For the deeper holes (Figure 6), this trend is revered with the highest pressures under the Western wells and decreasing towards the East. These distinct regimes suggest that there is restricted vertical permeability 
[image: ]
[bookmark: _Ref315268144][bookmark: _Toc315794816]Figure 5 Map of Static Pressure at an Elevation of 1120ft in holes less than 300ft deep from (Holdmann, Benoit et al. 2007)
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[bookmark: _Ref315268220][bookmark: _Toc315794817]Figure 6 Map of Static Pressure at an elevation of 1120ft in holes greater than 300ft from (Holdmann, Benoit et al. 2007)

Interference tests carried out as part of the GRED III project started to identify further possible lateral and vertical barriers. The results of each test are summarized below
Well 5 Flow Testing
· No communication between TG3 and Well 5
· TG1 experienced a 30 F temperature decline with 8psi pressure drop
· Rapid temperature and pressure rebound after test
· TG4 experienced a temperature increase of 4 F during the test with 1.5 psi pressure drop
TG8 Flow test
· ~2 hours communication time to well 1, 0.15psi pressure drop
TG9 Flow Test
· When TG8 flowed during test TG9 had a quicker response than shallow section of TG8
· TG3 showed better communication with TG9 than TG8 even though only 20 feet away from TG8
· ~2 hours communication to time to Well 1, drop of 0.1psi
These tends reveal that there are many local lateral and vertical barriers to flow and that the dominant permeability is in the horizontal or slight dipping NW/SE direction. It is expected that further reservoir heterogeneities should be revealed as sustained production and injection takes place.
[bookmark: _Toc315794794]Well Changes since 2006
Marginal Wells (TG6, Well 1, TG10)
Temperature
[image: ]
[bookmark: _Ref315332318][bookmark: _Toc315794818]Figure 7 Static Temperature Profiles for TG6
TG6 delineates the north eastern extent of the thermal anomaly and helps to constrain the width to 300ft.  In 2006 it exhibited the lowest temperature gradient of all wells drilled (2.6 F/100ft),as shown in Figure 7, which is not much greater than the expected regional background. It’s proximity to the hot springs resulted in a surface temperature 10F higher than Well1 and TG10 which constrain the anomaly to the SE and NW respectively. Between January 2006 and July 2010, Figure 7 shows that the temperature profile for this well changed very little if at all. The slight turnover seen in the 2010 log was not observed in the 2006 but this may be because the well was not logged deep enough. The difference in the very near surface temperatures most likely reflects a seasonal effect as the 2006 log was taken in January and the 2010 log taken in July.
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[bookmark: _Ref315332795][bookmark: _Toc315794819]Figure 8 Static Temperature Profiles for Well 1
Well 1 is the most easterly well and in 2006 had a temperature gradient of 6.9 F /100 ft ( Figure 8), around 4 times the regional background but a low surface temperature suggesting that whilst it might overlay a  much deeper resource, it was not overly affected by lateral flow from the hot springs. It is currently used as an injection well. In Figure 8, the differences in the logs taken between October 2005 and March 2007 mainly reflect seasonal effects whilst the temperature drop observed between the 2010 and 2011 log indicates a drop in the temperature of the re-injected water. It appears that the outlet temperature from the power plant decreased by ~3 F from 158 to 155 F. 
[image: ]
[bookmark: _Ref315333139][bookmark: _Toc315794820]Figure 9 Static Temperature Profile for TG10
TG10 helps to delineate the thermal anomaly to the NW. Figure 9 shows that in 2006, the thermal gradient was 3.5 F/100ft, about twice the regional background.
Pressure
[image: ]
[bookmark: _Ref315333807][bookmark: _Toc315794821]Figure 10 Static Pressure Gradients for TG6
Figure 10 suggests that, between January 2006 and July 2010, TG6 experienced a pressure drop of ~6psi. Testing during GRED III (Holdmann, Benoit et al. 2007) showed that the shallow system responded quickly and with pressure drops of up to 8 psi to the flowing of Well5. It may be that the July 2010 reflects a pressure drop due to Well5 flowing rather than something more sustained. A comparison of pressure trends in wells closer to the hot springs suggests that this is transient. This is an instance where operational notes of when different wells are flowing would be helpful.
[image: ]
[bookmark: _Ref315076733][bookmark: _Toc315794822]Figure 11 Static Pressure Gradient for Well 1
Figure 11 illustrates how the pressure has changed in Well 1 since 2006. Well 1 is currently used as an injector and an increase in pressure would suggest that the connectivity away from the well is poor. An increase in pressure of 3-5 psia from the 2006 data was observed in 2010 but was not seen in the latest survey.  
Marginal Well Pressure and Temperature Summary
The marginal wells provide only limits for how the system as a whole is changing due to their remote locations and less intense data collection efforts. Well 1’s profiles reflect its use as an injection well which is able to accept sufficient fluids without becoming over pressured. The temperature gradient changes show that the temperature of the reinjected fluid dropped by a few degrees F between 2010 and 2011. TG6 has not experienced any temperature drop and the observed pressure decline is most likely a transient effect. 
Near Margin Wells (TG2, TG11, Well 2)

Temperature
[image: ]
[bookmark: _Ref315335449][bookmark: _Toc315794823]Figure 12 Static Temperature Profiles for Well 2
Well 2 was first drilled in 1998 to a depth of 250 ft and the deepened in late 2005 to 820 ft. Figure 12 shows that prior to deepening, the well had a high linear temperature gradient of 31 F/100ft (Oct-05)but with a bottom hole temperature of 110 F. During the second drilling phase, fracture zones were encountered and a dynamic intra wellbore flow regime developed where cold water flows down the well from an entry point about 110ft before predominantly flowing out at major fracture zones observed at ~270 ft and 770 feet (Jan-06 and Jun-06). This caused the near surface gradient to decrease so that the well exhibited a cooling trend. Between January and June 2006, the downflow appeared to diminish and the temperature at the bottom of the hole increased by approx 10F. This was postulated to be due to plugging of the bottom thief zone. Between June 2006 and April 2007, the heating trend continued so that the temperature seen at 250 ft before the well was deepened was recovered suggesting that the down flow had diminished or even stopped. 
Between April 2007and August 2008, the temperature gradient decreased down to the hinge point of 270 ft and this trend continued between 2008 and 2010 so that the temperature drop at a depth of 270 feet was 23 F between April 2007 and January 2010. Meanwhile the bottom hole temperature during this time increased by 5 F from 125 to 130. Well 2 behavior hints at complex intrawellbore interactions. It may also be responding to injection activities at TG7.
[image: ]
[bookmark: _Ref315337285][bookmark: _Toc315794824]Figure 13 Static Temperature Profiles for TG2
As Figure 13 shows, TG2 had an initial thermal gradient of 31 F/100ft which had decreased by April 2006 but still maintained a bottom hole temperature of ~79 F. By 2010, this bottom hole temperature had declined by ~9 F to 70 F whilst the temperature near the surface was maintained at ~35 F.
[image: ]
[bookmark: _Ref315337511][bookmark: _Toc315794825]Figure 14 Static Temperature Profiles for TG11
In 2006, Figure 14 shows that TG11 had a temperature gradient of ~13.8 F/100 FT. While the gradient slope has not diminished much between 2006 and April 2011, the temperature along the length of the well has dropped ~5-10 F with the larger drop being observed at shallower depths. If the 20011 survey log had been extended to the bottom of the well it is supposed that it should have a achieved a similar bottom hole temperature to the 2006 survey.
Pressure
[image: ]
[bookmark: _Ref315077935][bookmark: _Toc315794826]Figure 15 Static Pressure Gradient for Well 2
The pressure gradients for Well 2 shown in Figure 15 appear to have become steeper over time which suggests a change in chemistry which cannot be easily explained? However, if we examine the pressures at a depth of ~625 ft, we see a drop in pressure of ~5 psi between January 2006 and June 2006 which is sustained to Jan 2010.
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[bookmark: _Ref315077903][bookmark: _Toc315794827]Figure 16 Static Pressure Gradient for TG2
As in Figure 15, Figure 16 suggests that the density of the fluid in TG2 has increased between 2006 and 2010 time so that the well is no longer artesian despite seeing no pressure change at a depth of 190ft. The initial pressure gradient is anomalously low at 0.37 psi/ft whereas the new pressure gradient is anomalously high at 0.56 psi/ft.
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[bookmark: _Ref315077886][bookmark: _Toc315794828]Figure 17 Static Pressure Gradient for TG11
Figure 17 suggests again that there has been an increase in the density of the fluid between July 2006 to April 2011. The pressure appears to have increased by up to 10 psi at ~300 ft.
Near Marginal Well Pressure and Temperature Summary
All three wells show cooling but only in the top 300ft. This cooling can be substantial such as in Well 2 where the temperature above 300ft has dropped by ~23 F since April 2007, whilst TG2 and TG11 show temperature declines of between 5-10 F since 2006 with TG2 exhibiting the greatest temperature decline at 200ft whilst the trend at TG11 is reversed with a  greater temperature drop at shallower levels. All three wells show an increase in density of well fluid which causes odd pressure gradient changes.  In general though, Well2 and TG2 do not show any pressure change whilst TG11 has a pressure increase at 300ft of around 10 psi. Below 300ft, Well2 exhibits a dramatic increase in temperature so that the current temperature at depth is greater than in the 2006 survey.
Main Hot Springs (TG5, Well 4, Well 5, TG1, Well 0, Well6)
Temperature
[image: ]
[bookmark: _Ref315077636][bookmark: _Toc315794829]Figure 18 Static Temperature Profiles for Well 6
In 2006, Well 6 as shown in Figure 18 was an artesian well producing fluids of 164 F. The isothermal region reflects the artesian nature of the well and not necessarily the temperatures observable at those depths.  By 2011, Figure 18 shows that Well6 had experienced a temperature drop of ~38 F.

[image: ]
[bookmark: _Toc315794830]Figure 19 Static Temperature Profiles for TG1
In 2006, similar to Well6, TG1 was an artesian well which carried 164 F water to the surface. By April 2007, that temperature had dropped to 155 F and by April 2011 to 122 F. Both the April 2007 and April 2011 show an increase in temperature at the lower part of the log suggesting that whatever is causing the temperature to drop above 250 ft is not active below this depth.
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[bookmark: _Ref315344817][bookmark: _Toc315794831]Figure 20 Static Temperature Profiles for Well 5
In 2006, Well5’s temperature profile as shown in Figure 20 represented a constraint on the extent of the lateral outflow. The classic conductive rollover below 120ft meant that this wells was not directly underlain by a high temperature resource but was instead being fed by fluids that upwelled nearby and flowed out towards the well. By April 2011, the isothermal portion of the temperature profile had dropped by 40 F.
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[bookmark: _Ref315345215][bookmark: _Toc315794832]Figure 21 Static Temperature Profiles for TG5
In 2006, TG5 as shown in Figure 21 defined the southern extent of the shallow thermal anomaly and was much cooler than other wells in the main hot spring area. 
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[bookmark: _Ref315346153][bookmark: _Toc315794833]Figure 22 Static Temperature Profiles for Well 4
Well 4, the most easterly on the wells in this group, exhibited a slight overturn below 200ft in 2006 (Figure 22). The temperature at 250 ft was initially  145 F but by April 2007 had cooled to 141 F and by April 2011 was as low as 128 F. Between April 2007 and April 2011, the temperature above 100ft did not change substantially but the isothermal region below 150ft disappeared and then cooled. The May 2010 profile is very odd and may even belong to a different well. The temperature at 30ft has cooled by approx 30 F since 2006.
Pressure
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[bookmark: _Ref315076630][bookmark: _Toc315794834]Figure 23 Static Pressure Gradient for Well 6
In Figure 23, a small pressure drop of 2psi can be observed for Well6 between January 2006 and May 2010, but the well remains artesian. 
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[bookmark: _Ref315078047][bookmark: _Toc315794835]Figure 24 Static Pressure Gradient for TG1
In Figure 24 we observe that the pressure in April 2011 is the same as in January 2006. However, the April 2007 log showed a pressure drop of ~7psi. This is also seen in Well4 (Figure 22) and might be a transient effect due to pumping of Well5.
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[bookmark: _Ref315078106][bookmark: _Toc315794836]Figure 25 Static Pressure Gradient for TG5
The TG5 pressure log taken in April 2011, as shown in Figure 25, is not valid. We would expect to see a linear increase in pressure with depth. However it may still provide some useful information in suggesting that the pressure in this well has probably not decreased since January 2006.
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[bookmark: _Ref315078172][bookmark: _Toc315794837]Figure 26 Static Pressure Gradient for Well 4
Figure 26 shows small pressure fluctuations for Well4 over time but the current pressure is similar to the initial pressure in 2006. As for TG1, shown in Figure 24, it appears that there was a pressure drop of ~ 2psi between 2006 and April 2007 but this has recovered, again this may be due to pumping of Well5 or some other transient effect but nothing sustained. We would expect the magnitude of the effect of pumping Well5 to diminish away from the well.
Hot Springs Well Pressure and Temperature Summary
In general the wells in the main Hot springs area have remained artesian with little to no pressure drop observed since 2006. A pressure drop of 2-9 psi was observed for TG1 and Well4 in the 2009 survey but this is hypothesized to be a transient effect due to pumping of Well5 and is not sustained.
The temperature profiles for all the main hot spring wells have decreased considerably. Above 250ft, Well6 has dropped by ~38 F, TG1 by 42 F, Well 5 by 40 F, Well5 temperature at 250ft has cooled by 17 F increasing to a 30F decrease closer to the surface. Clearly the hot springs have undergone a consistent and dramatic temperature drop.
Artesian or close to artesian wells suggest adequate recharge into the shallow system which is not surprising given that we have an active hydrological system.
Eastern Wells (Well3, TG4, TG7)
Temperature
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[bookmark: _Toc315794838]Figure 27 Static Temperature Profiles for TG4
In Figure 25, we observe that TG4 has undergone a dramatic temperature drop. In 2006, the almost isothermal region from 50-150 ft with an overturn was interpreted to be a lateral outflow from the main hot springs zone. With a temperature of 136 F, this was cooler than the similar profiles observed for the hot spring wells but reflected the increased distance the water had travelled and probably some mixing with surface waters. By May 2009, the temperature of the main zone had decreased 40 F to 95 F and by April 2011, this had dropped even further to ~62 F for a total temperature drop of 74 F.
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[bookmark: _Ref315351840][bookmark: _Toc315794839]Figure 28 Static Temperature Profiles for TG7

TG7 is the main injection well and the July 2010 profile shown in Figure 28 reflects the temperature of the reinjected fluid (145 F in July 2010). The overturn region observed in 2006 was thought to represent an extension of the same outflow zone observed in TG4. However this seems unlikely given the 74 F temperature drop despite injection activities at TG7. This is a good indication that TG7 is mostly injecting into the deeper portion of the well. The drop in temperature of the shallow temperature overturn between October 05 and June 2006 may be a transient effect of pumping activities in the area. 
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[bookmark: _Ref315352069][bookmark: _Toc315794840]Figure 29 Static Temperature Profiles for Well 3
We have only the limited data shown in Figure 29 for Well 3. This is included to demonstrate that in 2006, all the Eastern wells had high near surface temperatures, For Well3, the temperature was 132 F at 42 ft. 
Pressure
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[bookmark: _Ref315078523][bookmark: _Toc315794841]Figure 30 Static Pressure Gradient for TG4
In Figure 30, we observe that the pressure gradient for TG4 is similar to the January 2006 profile. The June 2006 profile, indicated a pressure loss of 3 psi but this was not sustained. The June 2006, July2010 and April 2011 profiles overlie each other
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[bookmark: _Ref315078566][bookmark: _Toc315794842]Figure 31 Static Pressure Gradient for TG7
Figure 31 illustrates the increase in pressure surround TG7, the main injection well, of around 25 psi. This large pressure increase suggests that the injectivity of the well is low. 
Eastern Wells Pressure and Temperature Summary
Since 2006, there has been a dramatic drop in temperature at TG4 which is adjacent to TG7 and initially had an overturn in the 150- 200ft region which suggesting that the two were part of one outflow zone. TG7 is used for injection and is clearly not injecting into the top outflow zone or not connected to TG4 since we see definite cooling in TG4. Conversations with Chena Hot Springs employees suggested that TG7 was cemented to ensure only injection at depth.TG4 experienced no pressure drop between 2006 and 2011.
Western Wells (TG3, TG8, Well 7, TG9)
Temperature
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[bookmark: _Ref315353202][bookmark: _Toc315794843]Figure 32 Static Temperature Profiles for TG3
TG3 was one of the first thermal gradient wells drilled and its high thermal gradient profile encouraged the drilling of TG8. As shown in Figure 32, in January 2006, TG3 had a bottom hole temperature of 117 F. By February 207, the bottom hole temperature had increased to 124 F. By May 2009, the bottom hole temperature had dropped to 102 F. The well was filled in 2010 to prevent it acting as a short circuit for fluid flowing from the higher pressure shallow horizon into the deeper hotter zones causing cooling.
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[bookmark: _Ref315353700][bookmark: _Toc315794844]Figure 33 Static Temperature Profiles for TG8
Figure 33 shows the evolution of temperature profiles for TG8 over time. In 2006, the profile showed three distinct zones which were inferred as regions of intrawellbore flow. At the time these were seen as regions of upflow but they could just as well have been downflow regions. Figure 33 shows that below 600ft, there has been no significant change in temperature since 2006. Above 600ft the story is more complicated. The cooling above 300ft is in line with the cooling trend seen in most of the shallow wells and in particular TG9 above 200ft. The decreased temperature profile , prior to the August 2010 data is probably due to cool fluids from the fracture zone~ 300ft flowing down the wellbore, heating up slightly as they do and then exiting at the major thief zone at 600ft. During a pre-project data collection, this cooling trend was identified and it was suggested that the cooling might be due to the influence of TG9, a nearby well which was shut in but still open for flow and had cool water flowing down the wellbore. This well was filled in early 2010 and the result is the start of a recovery in the middle zone for TG8 in August 2010.
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[bookmark: _Ref315354837][bookmark: _Toc315794845]Figure 34 Static Temperature Profiles for TG9
Figure 34 shows the evolution of temperature profiles for TG9. While the cooling trend above 200ft mimics what was observed for the shallow hot spring and near margin wells, below 200ft we observe at least two down flow regions where cool fluid comes into the well from a fractured zone and exits at 480ft and ~600ft. As the shallow zone becomes cooler, the entire temperature profile above 600ft cools.
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[bookmark: _Ref315781298][bookmark: _Toc315794846]Figure 35 Static Temperature Profiles for TG12
TG12 was drilled in 2009 and had a maximum temperature of 162 F (Figure 35), similar to the maximum temperature for TG9 and less than that for TG8. The maximum temperatures were observed at a depth of 1000-1500ft for this well compared to ~600ft for TG8 and TG9. Unfortunately no further logs were taken, in part because this is one of the main production wells.
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[bookmark: _Ref315781275][bookmark: _Toc315794847]Figure 36 Static Temperature Profiles for Well 7
Well 7 showed two overturns in the July 2006 log in Figure 36. In 2010 or 2011, there was a decline in temperature of 20-40 F above 600ft but the profile seems to be recovering below ~620ft and appears as if it might recover the original 160 F deep temperature. 
Pressure
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[bookmark: _Ref315078752][bookmark: _Toc315794848]Figure 37 Static Pressure Gradient for TG3
Figure 37 shows that TG3 experienced a 6-9 psi pressure drop between February 2007 and May 2009. No pressure change was seen between January 2006 and February 2007.
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[bookmark: _Ref315078974][bookmark: _Toc315794849]Figure 38 Static Pressure Gradient for TG8
As shown in Figure 38, TG8 experienced a pressure drop of 25 psi between 2006 and 2010.
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[bookmark: _Ref315355901][bookmark: _Toc315794850]Figure 39 Static Pressure Gradient for TG9
Figure 39 shows that TG9 which was filled in early in 2010, experienced a 50 psi pressure drop between April 2006 and May 2009.
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[bookmark: _Ref315781896][bookmark: _Toc315794851]Figure 40 Static Pressure Gradient for TG12 compared with other deep wells
In Figure 40, the pressure gradient for TG12 just after it was drilled to 2400ft, is shown relative to the other deep wells in 2006 and their latest profiles. Figure 40 indicates that the pressure within the targeted deep zone in TG12 is consistent with that zone being hydraulically connected to the deep zone in the other wells and therefore probably reflecting a loss in pressure commensurate with the 25-50 psi pressure drops observed for those wells since 2006.
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[bookmark: _Ref315079160][bookmark: _Toc315794852]Figure 41 Static Pressure Gradient for Well 7
In Figure 41, Well 7 shows a drop in pressure between 2006 and either 2010 or 2011 of ~30 psi.
Western Wells Pressure and Temperature Summary
TG8, TG9 and TG3 exhibit a complex cooling pattern indicative of cold water flowing down the wellbore and exiting within a zone of 300-600ft. Above 300ft, the temperature drops are of a similar magnitude to those observed in the hot spring and near marginal wells. Below 600ft, no temperature decline is observed. Well 7 also shows a cooling trend above 600ft though with less of a staggered pattern. The temperature at 620ft is trending towards the original 2006 temperature suggesting no temperature decline below ~650ft for this well.
All of these wells show pressure drops of 25-50 psi since 2006. Some of this might be due to pressure drawdown in a nearby producing well but it is unlikely that pressure drawdown is fully responsible. This interpretation is strengthened by the observation that the pressure gradient in TG12 more closely resembles the recent pressure logs in the other wells than it does the 2006 logs.
[bookmark: _Toc315794795]Interwell Interactions
2009 Interference Test
An interference test was carried out from June 1st-June3rd, 2009. The aim of this test was to characterize the reservoir dynamics at Well 7, the main producer and simultaneously assess how the production at Well 7 affects the field as a whole. Well4 and TG3 were fitted with pressure bombs and the pressure monitored using Magtech data loggers. Well7, TG1 and TG9 were monitored using Kuster 10 strain gauges. On June 2nd, the Kuster gauge from TG9 was transferred to TG12 in order to assess connectivity between this new well and the rest of the field.
In a traditional interference test, a well will be shut in and nearby wells monitored for the effect of the shut in on the bottom hole pressures in the well. Key attributes are how fast the effect of the shut in well is “felt” at another well. This is an indication of reservoir connectivity and permeability. The magnitude of the effect can also be analyzed to assess the connected volume of fluid to both wells. In order to simplify the analysis, all other well parameters should remain the same. However, in a working field this is not always possible. This test differs from a conventional interference test in that, in order to maintain sufficient production to the power plant, Well 5 pump was started once Well 7 pump was shut off. Some of the monitored wells appear to be responding more to the Well 5 pump starting than the Well 7 pump being stopped. In addition, Well 7 was not truly “shut-in”, the pump was stopped but artesian flow of ~30gpm continued throughout the test. A TG8 well head failure due to high pressures developed when the Well 7 pump was stopped is informative but also complicated early test interpretations. In the future it would be useful to time well tests with scheduled down time at the power plant.
[bookmark: _Toc253468232]Interference test timeline
The data for each well is given for two time periods. The first focuses on changes in well pressure due to shut down of the Well 7 pump and the start up of Well 5 pump. The second period focuses on well responses to the restarting of Well 7 on June 2nd. Table 1 shows the depth location of the Pressure bombs/Kuster gauges within the wells
Table 2 Location of Pressure bombs/Kuster Gauges within wells
	Well
	Gauge Depth (ft)

	Well 4
	60

	TG3
	20-30

	TG9
	526

	TG1
	100

	Well7
	525

	TG12
	198



[bookmark: _Toc253468233]June1st-June2nd, 2009
On June 1st at 10 10 the Well 7 pump was stopped in order to install the lubricator allowing the Kuster gauge to be set in the well. At 10 40 the pump was restarted. At 13 29, Well 7 pump was stopped again in order to proceed with the interference test. In order to maintain sufficient production at the power plant, the Well 5 pump was started. At 14 30, TG8 experienced a wellhead failure, presumably due to pressure build up in that area as Well 7 was flowing only under artesian flow at ~30gpm. The TG8 pump was restarted at 14 45 but had to be stopped after a repeat well head failure at 14 46. At 15 08, TG8 was restarted and experienced no further failure events. No further changes in field operations occurred until June 2nd at 14 37 when Well 7 pump was restarted, ending the interference test. These events are all clearly labeled on the following diagrams. Reservoir connectivity can be assessed by observing the magnitude of changes in pressure behavior to the noted events and the delay in response time.
[bookmark: _Toc253468234]Well 7
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[bookmark: _Ref253451401][bookmark: _Toc253468258][bookmark: _Toc315794853]Figure 42 Pressure Monitoring at Well 7, June 1-2
As expected when the Well 7 pump was stopped, the pressure dropped from 275 psi to 208 psi by (~67 psi) and then rebounded as the system stabilized at 225 psi (Figure 42). The wellhead failure at TG8, which required a shutdown of the pump and therefore a reduction in flow from TG8, caused an instantaneous increase in pressure of ~1.5psi at Well 7 which then dropped as the pump was restarted. A close up view of the pressure changes at Well 7 during the changing conditions at TG8 can be seen in Figure 43.
This rapid communication between Well7 and TG8 is expected from the flow testing of Well 7 done during the GRED III project which also showed instantaneous response at TG8 due to flow at Well7. 
[image: ]
[bookmark: _Ref253451457][bookmark: _Toc253468259][bookmark: _Toc315794854]Figure 43 Close-up of Pressure Monitoring at Well 7, June 1-2








[bookmark: _Toc253468235]TG9
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[bookmark: _Ref253451519][bookmark: _Toc253468260][bookmark: _Toc315794855]Figure 44 Pressure Monitoring at TG9, June 1-2
In Figure 44, TG9 shows a rapid response to the Well 7 pump being stopped to install the lubricator prior to the test. Pressure increases from 56 psi to 81 psi when the lubricator is installed and drops rapidly to a stabilized pressure of 60 psi when the pump is restarted. An instantaneous response when the Well7 pump is stopped for the test, increases the pressure to 82 psi where it is beginning to stabilize when the TG8 wellhead failure occurs. As the rate from TG8 is reduced during successive well head failures and pump stops, the pressure at TG9 rises by ~3psi, before dropping back by 1 psi and stabilizing at 83 psi after TG8 is stabilized. This behavior is expected from the GRED III testing which showed an instantaneous response at TG8 and TG9 to flow at Well 7.
[bookmark: _Toc253468236]TG1
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[bookmark: _Ref253409496][bookmark: _Ref253409456][bookmark: _Toc253468261][bookmark: _Toc315794856]Figure 45 Pressure Monitoring at TG1, June 1-2
Interpretation of the pressure response of TG1 to Well 7 pump stopped is complicated by the startup of the Well 5 pump. A flow test on Well5 during the GRED III project showed a sharp pressure drop of 8psi as the Well 5 was pumped at a very high rate (~1185 gpm). In Figure 45 it appears that TG1 responds to both the Well 7 pump stopping and Well 5 pump starting. A comparatively slow build up to 15.1 psi over 25 minutes after the Well 7 pump is stopped is followed by a sharp pressure decline to 14.7 psi and then a very slow pressure increase to almost 15psi. The magnitudes of the pressure changes are smaller than in the GRED III testing suggesting that the flow rate from Well 5 with the pump is much reduced.
[bookmark: _Toc253468237]TG3
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[bookmark: _Ref253451663][bookmark: _Toc253468262][bookmark: _Toc315794857]Figure 46 Pressure Monitoring at TG3, June 1-2
Testing during GRED III showed that TG3 had no appreciable response to Well 5 flow testing and therefore we would expect the response of TG3 to be exclusively due to the activity at Well 7 and TG8. Figure 46 confirms this expectation. The Well 7 pump shut off results in an immediate pressure increase for 30 minutes which begins to stabilize prior to the TG8 wellhead failure. After TG8 stabilizes, the pressure plateaus around 14psi before increasing at 20 00. This increase may be due to decreased flow from Well 7 as there is no other well activity to indicate a major change. Artesian flow rates for Well7 were measured sporadically but without having continuous measurements it is difficult to tell how the system is responding to changes in Well 7. Confusing the matter further, Well 4 also shows a dramatic change in pressure with no known activity around 20 00 so there may be another explanation. Well 4 and TG3 do not generally show the same response to changes in well status.
[bookmark: _Toc253468238]Well 4
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[bookmark: _Toc253468263][bookmark: _Toc315794858]Figure 47 Pressure Monitoring at Well 4, June 1-2
Pressure changes at Well 4 are dominated by the start up of Well 5 pump. The fairly rapid decrease in pressure from 40.2 to 38.8 psi once Well 7 pump is stopped cannot be explained by Well 7 behavior but can be explained by increased production from the nearby Well 5 causing a localized pressure drop. The sharp increase in pressure shortly after 20 00 does not correlate with any known well activity. However, a similar trend is seen in TG3. The rise could be plausibly be explained by a decreased pump rate in Well 5 or an increase in injection rate at TG7.
[bookmark: _Toc253468239]June 2nd-June3rd, 2009
[bookmark: _Toc253468240]Well 7
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[bookmark: _Ref253409554][bookmark: _Toc253468264][bookmark: _Toc315794859]Figure 48 Pressure Monitoring at Well 7, June 2-3
The main activity on June 2nd was the restarting of Well 7 pump. In Well 7, this caused an instantaneous spike in pressure from 226 psi to over 300 psi. This stabilized over a period of 90 minutes to 269 psi ~5 psi lower than the original pressure. This discrepancy may be the result of resetting the Kuster gauge at a slightly different depth than during the first part of the test or maybe a function of the pump. It is unlikely to be a localized pressure decline as TG8 and TG9 showed increases in pre-test pressure. 
[bookmark: _Toc253468241]TG1
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[bookmark: _Toc253468265][bookmark: _Toc315794860]Figure 49 Pressure Monitoring at TG1, June 2-3
There is an instantaneous pressure increase at TG1, around 90 minutes after the Well 7 pump is restarted at approximately the same time that the pressure at Well 7 stabilized. It is unclear when the Well5 pump was stopped but this data suggest that it may have been stopped only once the pressure, and hence the flowrate, at Well 7 stabilized (~90 minutes). If this is the case, TG1 shows an instantaneous and rapid response to Well 5 pump stopping. A small pressure decline of ~0.05psi prior to this may be in response to Well 7 pump restart.
[bookmark: _Toc253468242]TG3
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[bookmark: _Toc253468266][bookmark: _Toc315794861]Figure 50 Pressure Monitoring at TG3, June 2-3
The TG3 response to the restarting of Well 7 shows a rapid pressure drop of 3 psi about the time the pressure in Well 7 stabilizes (approx 90 minutes after the well pump is restarted). This confirms the excellent communication between Well 7 and TG3. Following the rapid pressure drop the pressure at TG3 then increases, perhaps due to redistribution of fluid between TG8 and Well7 and fluctuating production from these wells. Again, it is essential to understand the volumes being produced from each well in order to fully interpret the tests.

[bookmark: _Toc253468243]TG12
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[bookmark: _Ref253453251][bookmark: _Toc253468267][bookmark: _Toc315794862]Figure 51 Pressure Monitoring at TG12, June 2-3
At the time of the test, TG12 had been drilled to a depth of ~600 ft. As can be seen in Figure 51, TG12 showed no response to the Well 7 pump restart indicating that at this depth it is not in communication with the other productive wells, TG8, TG9 and Well 7 or Well 5. A repeat of this test should be performed now that the well has been deepened to 2500ft to determine if the well is in communication with other wells in the reservoir.
[bookmark: _Toc253468244]Well 4
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[bookmark: _Toc253468268][bookmark: _Toc315794863]Figure 52 Pressure Monitoring at Well4, June 2-3
Similar to TG1, Well 4 shows an increase in pressure of 1 psi ~90 minutes after the restart of Well 7 pump, presumably due to the stopping of Well 5 pump. The pressure increases slowly by 1 psi before decreasing slowly overnight 
[bookmark: _Toc315794796]Water Chemistry
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[bookmark: _Ref315788979][bookmark: _Toc315794864]Figure 53 Chlorine vs. Fluorine ion concentration changes over time
In 2006, the water chemistry could be summarized as the Western Wells having chemistry which represented a relatively undiluted thermal fluid similar to the natural hot springs. The Eastern wells showed a degree of mixing with water of similar chemistry to the local streams. This project collected new water chemistry to determine if further mixing had occurred within the Shallow or Deep Zones. 
Figure 53 plots Chlorine versus Fluorine concentrations over time. It shows that the 2006 Western Wells data was similar in character to the 1980 Hot Springs analysis with a slightly lower Fluorine concentration. By 2011, further dilution of both Fluorine and Chlorine was observed for the Western Wells indicating that the produced fluids mixed with the surface waters in some fashion. Of the Eastern wells, only TG4 and TG7 were accessible. In the 2011 dataset, TG7 has a water chemistry similar to the Western Wells which is to be expected since this is the main reinjection point for fluid originally produced predominantly by the Western Wells, TG8 and TG12. TG4 however has experienced an extreme dilution. Figure 54 shows a similar trend for Lithium versus Boron; dilution of Western Well chemistry compared to 2006 and extreme dilution of TG4.
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[bookmark: _Ref315789255][bookmark: _Toc315794865]Figure 54 Lithium vs. Boron ion concentration changes over time
[bookmark: _Toc315794797]Conceptual Model
Consideration of all the well logs, interference tests and water chemistry changes over time have led to the development of a new conceptual model consisting of three zones- Shallow, Middle and Deep. The characteristics of and changing dynamics of each of these zones over time will be described. Following this, a sustainability assessment is provided for the Shallow and Deep Zones.
[bookmark: _Toc315794798]Shallow Zone
The Shallow zone extends from the near surface to a depth of 250-300ft. In general, the Shallow Zone has experienced a severe temperature decline as can be seen in Figure 55. The magnitude of the decline varies from ~40 F near the Hot Springs to 74 F at TG4 which is located ~900ft from the main area. The extreme dilution of TG4’s water chemistry as shown in Figure 53 and Figure 54 suggest that the Shallow Zone has seen an increased mixing with surface waters. Tests during the GRED III report showed that the surface water needs little encouragement to invade and cool the shallow zone.  Whilst the multiple wells in the Shallow Zone are partially responsible for increased mixing through downflow in the wells, the main mechanism for the cooling is hypothesized to be decreased upflow of the upwelling fluid, due to a pressure decline at depth, which used to support surface Hot Springs.  The increased cooling away from the Hot Springs apex supports this hypothesis as does the extreme dilution of TG4. As shown in Figure 56, there has been no pressure decline observed in the Shallow Zone. It appears that the near surface ground water hydrology controls the pressure regime in this Zone. Lateral barriers have been identified by interference tests and include a barrier between TG3 and Well 5, TG4 and TG6 and a baffle effect between TG3 and TG8. TG12 also appears separate at a Shallow Zone level from Well7, TG8, TG9 and Well5.
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[bookmark: _Ref315792204][bookmark: _Toc315794866]Figure 55 Shallow Well Temperature Changes since 2006
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[bookmark: _Ref315792624][bookmark: _Toc315794867]Figure 56 Shallow Well Pressure changes since 2006
[bookmark: _Toc315794799]Middle Zone
The middle zone occupies a depth of approximately 300-600ft and is most easily identifiable in TG8 and TG9. As was discussed for those well’s temperature profiles, this zone experienced large temperature declines ranging from 90-100F for TG8 and TG9 to 40F at Well2. The staggered near isothermal temperature declines are indicative of complex entry, downflow and exiting of cool waters from the increasingly cool but relatively overpressured Shallow Zone. The fracture zones do not clearly correlate with depth and Well7 does not see the same staggered pattern but the recovery of Well7’s temperature profile as the well nears 600ft indicates that the Middle Zone is active near this Well. The water chemistry data supports this interpretation as the Western Wells show increased dilution that could be due to downflow of the surface waters into deeper zones. The recovery of the Middle Zone at TG8 after TG9 was plugged points to this as an effective resource management activity.
[bookmark: _Toc315794800]Deep Zone
The Deep Zone occupies a depth greater than 600ft. As Figure 57 shows, none of the wells that target the deep zone have seen any temperature decline over that depth. In general this Zone shows good interwell pressure communication and the whole Zone has experienced a pressure decline of 25-30 psi (Figure 58). This pressure decline may be responsible for the decreased upwelling of thermal fluids to the Main Hot Springs area.
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[bookmark: _Ref315793280][bookmark: _Toc315794868]Figure 57 Deep Well Temperature Changes since 2006
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[bookmark: _Ref315793372][bookmark: _Toc315794869]Figure 58 Deep Well Pressure Changes since 2006
A summary of the conceptual model is given in Figure 59 using the changes in the TG8 and TG9 temperature profiles as an illustration.
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[bookmark: _Ref315793619][bookmark: _Toc315794870]Figure 59 Detailed Conceptual Model
[bookmark: _Toc315794801]Sustainability Assessment and Recommendation
Shallow Zone
Increased mixing and reduced upflow of thermal fluids has limited the thermal recharge in this zone. Without the following changes, it is unlikely that production of geothermal fluids from this zone is sustainable long term. This project recommends that reinjection activities are increased to the Deep Zone in the hope that repressurisation of this zone will enhance upflow into the Shallow Zone. The use of Well5 as a substitute well when TG8, TG12 or Well7 are out of commission should be minimized. This zone does show excellent pressure recharge.
Middle Zone
To support sustainability of the Deep Zone, the plugging program, which will limit intrawellbore flow, should be continued.
Deep Zone
This Zone has excellent thermal recharge and validates the use of TG7 as the current main injection well. Concerns about the close proximity of TG7 to the production wells appear unfounded. The Deep Zone has undergone a pressure decline of 25-30 psi and this should be addressed though increased injection activities. The owners of Chena Hot Springs are in the process of drilling a deep injection well which should help. However, the proportion of produced fluid which is reinjected should also be increased. Currently a proportion of the produced fluid is dispersed in local streams after being used for building heat.
[bookmark: _Toc315794802]Reservoir Model
[bookmark: _Toc315794803]Initial State Model
Without flow data, it is not possible to build a functional predictive model. However, the changes in reservoir dynamics over time have revealed additional complexities not included in the previous model. To truly assess if production at Chena Hot Springs is sustainable over a long period and what the effects of additional production would be on the system, quantification of the source and sinks for the system are required. An initial state model has been built (Figure 60, Figure 61, Figure 62) so that the next researcher can quickly modify the model properties according to the predicted behavior. This model is included in the File database provided to Chena Hot  Springs and available to future researchers.
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[bookmark: _Ref315794283][bookmark: _Toc315794871]Figure 60 Screenshot of Initial State Model Iteration
[image: ]
[bookmark: _Ref315794285][bookmark: _Toc315794872]Figure 61 Initial State Temperature Iteration Example
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[bookmark: _Ref315794287][bookmark: _Toc315794873]Figure 62 Initial State Pressure Iteration Example

[bookmark: _Toc315794804]Recommendations and Future Work
[bookmark: _Toc315794805]Data Collection
A systematic data collection effort is required to ensure that changes in temperature and pressure are monitored and a quick response to adverse changes can be executed.
This project produced a clean database for adding new well data that will enable future researchers to quickly interpret changes to the system. This database along with a file detailing the structure was provided as a hard drive to Chena Hot Springs
[bookmark: _Toc315794806]Flow meters
Without flowmeters it will become increasingly difficult to manage and sustain the resource at Chena Hot Springs. A search was conducted for a robust flow meter, capable of operating reliably at outside temperatures of -40F and which would collect data automatically. The operations at Chena are complicated enough without requiring staff to run around reading gauges. ABB instrumentation make an orifice plate gauge which meets these specifications. It can be ordered by contacting the following ABB supply coordinator. If installation of these gauges proved straightforward, these could be deployed at other newly developed remote sites such as Akutan and Pilgrim Hot Springs. 
The Orifice plant and flange setup costs approx~would run $650.00 each with a transmitter costing ~ $1200.00. The complementary data recorder would cost $1300.00 for four inputs.
Contact Details
Ernest Dummann Ph-907-522-3004 Fax-907-349-1023
du Alaska Incorporated 6706 Greenwood Street Anchorage, Alaska 99518
[bookmark: _Toc315794807]Tracer Test
A tracer test plan was developed but not implemented due to the inability to install flow meters during the course of this project. The following section details how it will be carried out.
[bookmark: _Toc307618716]Tracer Test Objective
[bookmark: _Toc307618717]The objective of this test is to quantify the subsurface hydraulic connectivity between TG 7, the primary injection well, and the three production wells Well 7, TG8, TG12, at Chena Hot Springs. This is important for understanding whether the current injection-production setup allows the wells to be sustainably produced. Inadequate injection into the deeper system may limit the long term productivity of the wells. This test should allow us to estimate the relative volumes injected into the deep and shallow systems and assess if there is sufficient residence time for thermal recharge.
[bookmark: _Toc307618718]Tracer Selection
Chena Hot Springs is a low temperature geothermal field with a maximum observed temperature of~170 F. As such it is a single phase system and is also assumed to be full saturated. These properties simplify the choice of tracer. In this test we propose to use 2, 6 Naphthalene disulfonic acid disodium salt (2, 6 NDSA). This is an environmentally benign chemical at the concentrations used in this test which is stable up to 250°C. It has been deployed successfully in many geothermal fields (Rose, Benoit et al. 2000; Rose, Benoit et al. 2001; Herras, Siega et al. 2005; Nogara, Ma et al. 2005; Nottebohm, Licha et al. 2010). The returned tracer concentrations are on the order of parts per trillion and detectable by fluorescence spectroscopy or High Performance Liquid Chromatography. 
Test Procedure
Since TG7 is being used as an injection well it is recommended that the injection rate be maintained constant for a few days before injecting the tracer to maintain the steady state conditions. The tracer also needs to be injected at the same rate and as quickly as possible to ensure a spiked response at the producer.
The test duration is recommended to be for a period of 30 days. A previous test was conducted for only 12 days and whilst tracer breakthrough was observed, the shape of the tracer concentration after breakthrough time is also important for calculating the hydraulic conductivity. This timeframe was also recommended by Thermochem.
To prepare the required 10% aqueous solution, the following are required.
· 25kg of tracer
· 225 Kg (59.43 gallons)
These are typically mixed with a simple gas powered pump and recirculation of the solution is recommended until the tracer is completely dissolved. Warm water can facilitate the dissolution of the chemical. This prepared slug will be injected in the injection well and samples will be collected every day from the chosen observation wells.
Anyone handling the tracer should wear safety gloves and eye glasses for self protection. The disposing of the waste will be in accordance with the Federal regulations and the tracer MSDS sheet.
[bookmark: _Toc307618724]Sampling Techniques
The potential observation wells are:
· Well 7
· TG8
· TG12
An appropriate sampling method is as follows. 
First allow the water to flow for a minute from the sampling point and then collect water samples in bottles (which will be sent by Thermochem). The time of sampling every day should be kept the same in order to keep continuity and minimize errors. The collected samples will be stored in the bottles provided by Thermochem and appropriate labeled (including the name of the well and date and time at which it was collected) in order to minimize errors. 
For a full interpretation of the results, the injection and production rates during the test must be known and ideally the wells in operation should not be changed nor their pump rates changed during the test.  
[bookmark: _Toc307618725]Test Interpretation Methods
The most basic interpretation is qualitative (Shook, Ansley et al. 2004); Did the tracer appear in the observation well ? This might allow us to determine if TG12 is connected hydraulically to TG7 but is otherwise an overly expensive piece of data. A quantitative interpretation, however, would allow a more sophisticated analysis of the reservoir dynamics. From an analysis of the tracer breakthrough curves, as described by (Shook and Forsmann 2005), for multiple wells, the following parameters may be determined
· Mean residence time
· Sweep efficiency
· Storage capacity and flow capacity
[bookmark: _Toc307618726]This requires the following input data 
· Tracer Concentration v/s time
· Mass of tracer injected (Kg)
· Fluid Loss
· r (kgm-3)
· Calculated Volume Rate (m3 per day)
Well Selection
Injection Well
TG7 is recommended as the tracer injection well. TG7 has a depth of about 700 feet which makes it deeper than Well 1 and is located on the Eastern side of the hot springs. It has been used as an injector well since 2007 along with Well 1 which has lower injectivity.
Observation Wells
TG12 is the deepest well at the hot springs with a depth of 2700 ft and its connectivity has not been proven with the other wells. Sampling this well may allow us to determine the hydraulic connectivity of the deeper system. 
Well TG-8 is one of the main production wells and is the hottest well to date. It has a depth of 1020 feet and is proximal to Well 7 which was used as an observation well in the previous tracer test of 2006. 
Well 7 was an observation well in a previous tracer test . Breakthrough time to Well 7was 7 days. The majority of the tracer appeared in Well 5 which is connected only tio the shallow portion of the system. 
Given the high cost of tracer testing, it might be prudent to test less than all three wells. The following is recommended
· To observe all 3 wells if the funds are available.
· To observe TG-12 and TG-8 if there are funds for two.
· To observe TG-8 or Well 7 if only 1. 
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[bookmark: _Toc315794809]Appendices


[bookmark: _Toc315794810]Water Chemistry
Table 4 contains all the new and old water chemistry data collected and analyzed at Chena Hot Springs since 1980. Table 3 below is a key to the dataset names.
[bookmark: _Ref315787173]Table 3 Key to Water Chemistry Dataset in Table 4
	Key to Filenames used in Water Chemistry Dataset

	T= Thermochem analysis

	DRI = Desert Research Institute Analysis

	UAF=University of Alaska Fairbanks Analysis

	A=Analyticia Analysis

	F= Flowing Sample

	B= Bailed Sample

	ave= average of more than one analysis




 (
Table 
4
 Collated Chena Hot Springs Water Chemistry
)
[bookmark: _Toc315794811]Location of Resources
The following items of equipment purchased with this grant have been handed over to ACEP for use in other geothermal exploration projects around the state
· 1 academic copy of Petrasim
· Graduate Student working on Pilgrim Hot Springs Project
· Panasonic Toughbook computer
· 1 portable Flow meter
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Figure 8.12: Map of static pressure at an elevation of 1120ft in holes less than 300ft deep
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image64.emf
Temp pH TDS Na K Ca Mg  Li HCO

3

SO

4

Cl F SiO

2

B

F ppmppm pm ppmppmppm ppmppmppmppmppm

Eastern Wells

Well2_2006_T_B ? 9.19 289 86.2 3.0 3.21 0.15 0.25129.0 33.5 17.215.10 0.89

Well2_2006_DRI_B ? 8.16 90.2 2.7 3.53 0.13 0.26102.0 39.2 16.517.00 62 1.09

Well3_2006_T_B <133 9 282 86.8 2.3 2.66 0 0.26122.0 40.4 11.615.6073.2 0.92

TG4_2006_UAF_B_ave ? 8.82 347 98 4.1 0.14 0.17 96.0 61.3 25 18.80

TG7_2006_DRI_F 156 8.88 78.2 1.8 2.46 0 0.23 98.3 29.2 8.8 13.5064.2 0.74

TG7_2011_DRI_F 120 8.86 102 2.952.75 <.1 0.28 96.3 62.6 22.4 17.5 89.5 1.14

TG4_2011_DRI_B 72 8.68 51.61.312.57 0.12 0.19 98.7 23.6 4.8 4.11 23.3 0.22

Western Wells

Well0_2006_T_F 165? 8.82 330 102 2.7 3.11 0.23 0.29116.0 64.5 22.417.7072.5 1.2

Well4_2006_T_B 147 8.95 330 103 2.8 2.94 0 0.30122.0 58.5 20.618.6076.4 1.23

Well5_2006_T_F 165 8.99 339 106 2.9 2.57 0 0.32122.0 61.3 24.218.8081.6 1.33

Well7_2006_ANYT 164 8.9 406 145 2.332.59 78.0 58.3 24.618.8036.3?

TG1_2006_T_F 165 8.92 341 109 3.0 2.45 0.0 0.31123.0 59.8 23 18.5080.1 1.3

TG3_2006_UAF_F 100 7.61 214 75 4.5 2.52 0.2 126.0 0.0 20.917.61

TG5_2006_UAF_B_ave ? 9.16 258 69 2.9 0.16 0.1 119.0 24.6 3.8 17.00

TG8_2006_DRI_F 172 8.88 361 108 2.8 2.57 0 0.31 92.0 62.9 25 19.3084.4 1.27

TG9_2006_UAF_F_ave 161 8.98 349 95 3.6 0.27 0 91.2 56.2 24.617.03

CWW2_2006_T_B <63 7.19 254 63 2.7 11.8 0.6 0.20 63.9 82.5 19 9.97 22.5 0.8

TG12_2011_DRI_F 150 8.93 104 3.072.55 <.1 0.29 91.6 59.6 23.7 18.4 93.8 1.24

TG8_2011_DRI_F 142 8.88 97.02.663.14 <.1 0.28 97.7 57.1 21.2 16.6 84.5 1.07

Well7_2011_DRI_F 151 8.91 99.52.832.75 <.1 0.28 93.6 57.8 22.3 17.2 88.5 1.15

Well4_2011_DRI_B 116 8.61 94.32.403.49 <.1 0.31 114 59.0 20.5 14.0 57.4 1.04

TG1_2011_DRI_B 90 8.77 89.02.112.85 <.1 0.28 100 50.2 16.4 14.7 75.1 0.85

1980 Analyses

Well1_1980 ? 8.8 422 110 0.3 4.8 0.07 0.30148.0 71.9 24 19.50 91 2

Cold Well_1980 ? 6.7 121 14.5 0.7 16.5 2.5 0.01 84.0 14.4 5 2.20 22

Cold Wells

Well1_2006_T_B <44 6.63 97.46.89 1.0 17.9 2.03 0.00 64.5 3.76 0.61 0.73 14.4 0

TG2_2006_UAF_B_ave cold 6.75 62.4 4 1.1 9.57 1.7 52.7 5.9 0.2 1.29

CWW1_2006_T_B cold 7.13 131 17 0.7 19.2 2.8 0.00 70.5 6.0 14 0.61 10.9 0.0

TG6_2006_UAF_B_ave cold 6.8 102 5 1 11.9 3.2 70.7 10 0.8 0.67

TG10_2006_UAF_ave cold 6.88 59 4.76 1 5.97 1.87 4.75 49.4 11.1 2.15 0.00

CWW1_2011_DRI_F 50 7.03 8.340.8824.7 3.43 0.01 89.0 15.8 4.5 0.67 19.2 0.13

Well1_2011_DRI_F 121 8.84 100 2.962.79 <.1 0.29 96.2 63.2 22.4 17.4 91.7 1.14

TG2_2011_DRI_B 40 6.72 3.910.8016.1 1.88 0.03 49.3 15.6 0.3 0.90 18.1<.05

TG6_2011_DRI_B 52 6.66 6.990.9120.7 3.08 0.01 53.4 33.9 1.5 0.83 22.7<.05

STREAMS

MnmtCreek_2006_T_F cold 7.46 52.52.04 0.5 10.3 1.31 0.20 28.6 8.86 0.67 0.11 8.58 0

Sprg Creek_2006_T_F cold 7.36 92.42.650.4515.8 2.28 0.10 64.6 5.83 0.56 0.20 9.36 0

Inf. Gallery A cold 6.8 82.5 <3 <1 11.3 1.63 30.7 4.12 <.5 <.2

SprgCreek_2011_DRI_F 41 7.54 2.290.5216.8 2.34 <.01 58.0 6.2 0.3 0.14 12.1<.05

MnmtCreek_2011_DRI_F 48 7.36 2.800.5812.1 1.50 <.01 34.0 9.6 1.9 0.18 9.6 <.05

1980 Analyses

Spring2_F ? 8.5 374 107 2.8 2.8 0.03 0.29131.0 65.7 22 21.00 86 1.3

Spring6_F ? 8.5 384 112 2.7 3.6 0.02 0.29132.0 66.7 24 20.00 88 1.5

Spring_11_F ? 8.8 396 120 2.8 3.6 0.1 0.30125.0 71 20 20.50 91 1.8

Pre 1980 Analyses

1912 ? 363 107 0 2.9 0.2 116.0 89 35

1917 ? 388 94 0 2.3 1.2 118.0 78 26

1972 ? 9.14 110 3.3 1.3 0.13 114.7 68 28.918.60


Microsoft_Office_Excel_Worksheet1.xlsx
li vs b_denali_wells



Chena Li vs B

Western Wells	0.29099999999999998	0.30099999999999999	0.32	0.31	0.31	0.2	1.2	1.23	1.33	1.29	1.27	0.75900000000000001	Eastern Wells	0.254	0.26	0.25700000000000001	0.23	0.89400000000000002	1.0900000000000001	0.91700000000000004	0.74	Western Wells_2011	0.28999999999999998	0.28000000000000003	0.28000000000000003	0.31	0.28000000000000003	1.24	1.07	1.1499999999999999	1.04	0.85	Eastern Wells_2011	0.28000000000000003	0.19	1.1399999999999999	0.22	Li (ppm)



B (ppm)







cl vs f_denali_wells



Chena Cl vs F

Western Wells	22.4	20.6	24.2	24.6	23.2	20.9	3.8	25	24.6	18.899999999999999	17.7	18.600000000000001	18.8	18.8	18.5	17.61	17	19.3	17.03	9.9700000000000006	Eastern Wells	17.2	16.5	11.6	25	8.8000000000000007	15.1	17	15.6	18.8	13.5	Western Wells_2011	23.7	21.2	22.3	20.5	16.399999999999999	18.399999999999999	16.600000000000001	17.2	14	14.7	Eastern Wells_2011	22.4	4.8	17.5	4.1100000000000003	Cl (ppm)



F (ppm)







f vs si_denali_wells



Chena F vs Silica

Western Wells	17.7	18.600000000000001	18.8	18.8	18.5	17.61	17	19.3	72.5	76.400000000000006	81.599999999999994	0	80.099999999999994	84.4	Eastern Wells	15.1	17	15.6	18.8	13.5	62	73.2	64.2	Western Wells_2011	18.399999999999999	16.600000000000001	17.2	14	14.7	93.8	84.5	88.5	57.4	75.099999999999994	Eastern Wells_2011	17.5	4.1100000000000003	89.5	23.3	F (ppm)



Si (ppm)







na vs k_denali_wells



Chena Na vs K

Western Wells	102	103	106	145	109	75	69	108	95	63.1	2.72	2.82	2.94	2.33	2.99	4.5	2.9	2.8	3.6	2.67	Eastern Wells	86.2	90.2	86.8	98	78.2	3.02	2.65	2.2599999999999998	4.1399999999999997	1.8	Western Wells_2011	104	97	99.5	94.3	89	3.07	2.66	2.83	2.4	2.11	Eastern Wells_2011	102	51.6	2.95	1.31	Na (ppm)



K (ppm)







cl vs so4_denali_wells



Chena Cl vs SO4

Hot Springs 1972)	28.9	68	Hot Springs (1980)	22	24	20	65.7	66.7	71	Western Wells	22.4	20.6	24.2	24.6	23.2	20.9	3.8	25	24.6	18.899999999999999	64.5	58.5	61.3	58.3	59.8	0	24.6	62.9	56.2	82.5	Eastern Wells	17.2	16.5	11.6	25	8.8000000000000007	33.5	39.200000000000003	40.4	61.3	29.2	Wells (1980)	24	5	71.900000000000006	14.4	Cold Water Wells	0.61199999999999999	0.2	14.1	0.8	2.15	3.76	5.9	6.04	10	11.05	Streams	0.667	0.559	<	.5	8.86	5.83	4.12	Eastern Wells_2011	22.4	4.8	62.6	23.6	Western Wells_2011	23.7	21.2	22.3	20.5	16.399999999999999	59.6	57.1	57.8	59	50.2	Cold Water Wells_2011	4.51	22.4	0.3	1.5	15.8	63.2	15.6	Streams_2011	0.3	1.88	6.2	9.6	Cl (ppm)



SO4 (ppm)







li vs b



Chena Li vs B

Hot Springs (1980)	0.28999999999999998	0.28999999999999998	0.3	1.3	1.5	1.8	Western Wells	0.29099999999999998	0.30099999999999999	0.32	0.31	0.31	0.2	1.2	1.23	1.33	1.29	1.27	0.75900000000000001	Eastern Wells	0.254	0.26	0.25700000000000001	0.23	0.89400000000000002	1.0900000000000001	0.91700000000000004	0.74	Wells (1980)	0.3	0.01	2	Cold Water Wells	0	0	4.75	0	0	Streams	0.2	0.1	0	0	Eastern Wells_2011	0.28000000000000003	0.19	1.1399999999999999	0.22	Western Wells_2011	0.28999999999999998	0.28000000000000003	0.28000000000000003	0.31	0.28000000000000003	1.24	1.07	1.1499999999999999	1.04	0.85	Cold Water Wells_2011	0.01	0.28999999999999998	0.03	0.01	0.13	1.1399999999999999	0	0	Streams_2011	<	.01	<	.01	0	0	Li (ppm)



B (ppm)







cl vs f



Chena Cl vs F

Hot Springs (1972)	28.9	18.600000000000001	Hot Springs (1980)	22	24	20	21	20	20.5	Western Wells	22.4	20.6	24.2	24.6	23.2	20.9	3.8	25	24.6	18.899999999999999	17.7	18.600000000000001	18.8	18.8	18.5	17.61	17	19.3	17.03	9.9700000000000006	Eastern Wells	17.2	16.5	11.6	25	8.8000000000000007	15.1	17	15.6	18.8	13.5	Wells (1980)	24	5	19.5	2.2000000000000002	Cold Water Wells	0.61199999999999999	0.2	14.1	0.8	2.15	0.73	1.29	0.61099999999999999	0.67	0	Streams	0.667	0.559	<	.5	0.112	0.19900000000000001	0	Eastern Wells_2011	22.4	4.8	17.5	4.1100000000000003	Western Wells_2011	23.7	21.2	22.3	20.5	16.399999999999999	18.399999999999999	16.600000000000001	17.2	14	14.7	Cold Water Wells_2011	4.51	22.4	0.3	1.5	0.67	17.399999999999999	0.9	0.83	Streams_2011	0.3	1.88	0.14000000000000001	0.18	Cl (ppm)



F (ppm)







f vs si



Chena F vs Silica

Hot Springs (1980)	21	20	20.5	86	88	91	Western Wells	17.7	18.600000000000001	18.8	18.8	18.5	17.61	17	19.3	72.5	76.400000000000006	81.599999999999994	0	80.099999999999994	84.4	Eastern Wells	15.1	17	15.6	18.8	13.5	62	73.2	64.2	Wells (1980)	19.5	2.2000000000000002	91	22	Cold Water Wells	0.73	1.29	0.61099999999999999	0.67	0	14.4	10.9	Streams	0.11	0.20	<	.2	8.58	9.36	Eastern Wells_2011	17.5	4.1100000000000003	89.5	23.3	Western Wells_2011	18.399999999999999	16.600000000000001	17.2	14	14.7	93.8	84.5	88.5	57.4	75.099999999999994	Cold Water Wells_2011	0.67	17.399999999999999	0.9	0.83	19.2	91.7	18.100000000000001	22.7	Streams_2011	0.14000000000000001	0.18	12.1	9.6	F (ppm)



Si (ppm)







na vs k



Chena Na vs K

Hot Springs (1972)	110	3.3	Hot Springs (1980)	107	112	120	2.8	2.7	2.8	Western Wells	102	103	106	145	109	75	69	108	95	63.1	2.72	2.82	2.94	2.33	2.99	4.5	2.9	2.8	3.6	2.67	Eastern Wells	86.2	90.2	86.8	98	78.2	3.02	2.65	2.2599999999999998	4.1399999999999997	1.8	Wells (1980)	110	14.5	0.3	0.7	Cold Water Wells	6.89	4	17.100000000000001	5	4.76	0.97399999999999998	1.1000000000000001	0.68	1	1	Streams	2.04	2.65	<	3	0.46899999999999997	0.45200000000000001	0	Eastern Wells_2011	102	51.6	2.95	1.31	Western Wells_2011	104	97	99.5	94.3	89	3.07	2.66	2.83	2.4	2.11	Cold Water Wells_2011	8.34	100	3.91	6.99	0.88	2.96	0.8	Streams_2011	2.29	2.8	0.52	0.57999999999999996	Na (ppm)



K (ppm)







cl vs so4



Chena Cl vs SO4

Hot Springs 1972)	28.9	68	Hot Springs (1980)	22	24	20	65.7	66.7	71	Western Wells	22.4	20.6	24.2	24.6	23.2	20.9	3.8	25	24.6	18.899999999999999	64.5	58.5	61.3	58.3	59.8	0	24.6	62.9	56.2	82.5	Eastern Wells	17.2	16.5	11.6	25	8.8000000000000007	33.5	39.200000000000003	40.4	61.3	29.2	Wells (1980)	24	5	71.900000000000006	14.4	Cold Water Wells	0.61199999999999999	0.2	14.1	0.8	2.15	3.76	5.9	6.04	10	11.05	Streams	0.667	0.559	<	.5	8.86	5.83	4.12	Eastern Wells_2011	22.4	4.8	62.6	23.6	Western Wells_2011	23.7	21.2	22.3	20.5	16.399999999999999	59.6	57.1	57.8	59	50.2	Cold Water Wells_2011	4.51	22.4	0.3	1.5	15.8	63.2	15.6	Streams_2011	0.3	1.88	6.2	9.6	Cl (ppm)



SO4 (ppm)







1

		Chena Water Analyses and Geothermometers (8-11-06)

		(undated samples are from the last half of 2005 and the first half of 2006)

				Sample																								ICP				Quartz		Na-K-Ca

		

Jo Mongrain: Jo Mongrain:
		Temp		pH		TDS		Na		K		Ca		Mg 		Li		HCO3		SO4		Cl		F		SiO2		B		Predicted Temp (Fournier)		Predicted Temp

				F						ppm		ppm		pm		ppm		ppm		ppm		ppm		ppm		ppm		ppm		ppm		F		F

		Eastern Wells

		Well2_2006_T_B		?		9.19		289		86.2		3.0		3.21		0.149		0.25		129.0		33.5		17.2		15.10				0.894				210

		Well2_2006_DRI_B		?		8.16				90.2		2.7		3.53		0.13		0.26		102.0		39.2		16.5		17.00		62		1.09		234		258

		Well3_2006_T_B		<133		9		282		86.8		2.3		2.66		0		0.26		122.0		40.4		11.6		15.60		73.2		0.917		249		199

		TG4_2006_UAF_B_ave		?		8.82		347		98		4.1		0.14		0.17				96.0		61.3		25		18.80

		TG7_2006_DRI_F		156		8.88				78.2		1.8		2.46		0		0.23		98.3		29.2		8.8		13.50		64.2		0.74		237		241

		TG7_2011_DRI_F		120		8.86				102		2.95		2.75		<.1		0.28		96.3		62.6		22.4		17.5		89.5		1.14

		TG4_2011_DRI_B		72		8.68				51.6		1.31		2.57		0.12		0.19		98.7		23.6		4.8		4.11		23.3		0.22

		Western Wells

		Well0_2006_T_F		165?		8.82		330		102		2.7		3.11		0.23		0.29		116.0		64.5		22.4		17.70		72.5		1.2		248		256

		Well4_2006_T_B		147		8.95		330		103		2.8		2.94		0		0.30		122.0		58.5		20.6		18.60		76.4		1.23		253		259

		Well5_2006_T_F		165		8.99		339		106		2.9		2.57		0		0.32		122.0		61.3		24.2		18.80		81.6		1.33		259		262

		Well7_2006_ANYT		164		8.9		406		145		2.33		2.59						78.0		58.3		24.6		18.80		36.3?

		TG1_2006_T_F		165		8.92		341		109		3.0		2.45		0.0		0.31		123.0		59.8		23		18.50		80.1		1.3		257		263

		TG3_2006_UAF_F		100		7.61		214		75		4.5		2.52		0.2				126.0		0.0		20.9		17.61

		TG5_2006_UAF_B_ave		?		9.16		258		69		2.9		0.16		0.1				119.0		24.6		3.8		17.00

		TG8_2006_DRI_F		172		8.88		361		108		2.8		2.57		0		0.31		92.0		62.9		25		19.30		84.4		1.27		262		258

		TG9_2006_UAF_F_ave		161		8.98		349		95		3.6		0.27		0				91.2		56.2		24.6		17.03

		CWW2_2006_T_B		<63		7.19		254		63		2.7		11.8		0.6		0.20		63.9		82.5		19		9.97		22.5		0.8		154		145

		TG12_2011_DRI_F		150		8.93				104		3.07		2.55		<.1		0.29		91.6		59.6		23.7		18.4		93.8		1.24

		TG8_2011_DRI_F		142		8.88				97.0		2.66		3.14		<.1		0.28		97.7		57.1		21.2		16.6		84.5		1.07

		Well7_2011_DRI_F		151		8.91				99.5		2.83		2.75		<.1		0.28		93.6		57.8		22.3		17.2		88.5		1.15

		Well4_2011_DRI_B		116		8.61				94.3		2.40		3.49		<.1		0.31		114		59.0		20.5		14.0		57.4		1.04

		TG1_2011_DRI_B		90		8.77				89.0		2.11		2.85		<.1		0.28		100		50.2		16.4		14.7		75.1		0.85

		1980 Analyses

		Well1_1980		?		8.8		422		110		0.3		4.8		0.07		0.30		148.0		71.9		24		19.50		91		2		270		116

		Cold Well_1980		?		6.7		121.1		14.5		0.7		16.5		2.5		0.01		84.0		14.4		5		2.20		22				153		232

		Cold Wells

		Well1_2006_T_B		<44		6.63		97.4		6.89		1.0		17.9		2.03		0.00		64.5		3.76		0.612		0.73		14.4		0		125		53

		TG2_2006_UAF_B_ave		cold		6.75		62.4		4		1.1		9.57		1.7				52.7		5.9		0.2		1.29

		CWW1_2006_T_B		cold		7.13		131		17		0.7		19.2		2.8		0.00		70.5		6.0		14		0.61		10.9		0.0		108		49

		TG6_2006_UAF_B_ave		cold		6.8		102		5		1		11.9		3.2				70.7		10		0.8		0.67

		TG10_2006_UAF_ave		cold		6.88		59		4.76		1		5.97		1.87		4.75		49.4		11.05		2.15		0.00

		CWW1_2011_DRI_F		50		7.03				8.34		0.88		24.7		3.43		0.01		89.0		15.8		4.5		0.67		19.2		0.13

		Well1_2011_DRI_F		121		8.84				100		2.96		2.79		<.1		0.29		96.2		63.2		22.4		17.4		91.7		1.14

		TG2_2011_DRI_B		40		6.72				3.91		0.80		16.1		1.88		0.03		49.3		15.6		0.3		0.90		18.1		<.05

		TG6_2011_DRI_B		52		6.66				6.99		0.91		20.7		3.08		0.01		53.4		33.9		1.5		0.83		22.7		<.05

		STREAMS

		MnmtCreek_2006_T_F		cold		7.46		52.5		2.04		0.5		10.3		1.31		0.20		28.6		8.86		0.667		0.11		8.58		0		94		25

		Sprg Creek_2006_T_F		cold		7.36		92.4		2.65		0.452		15.8		2.28		0.10		64.6		5.83		0.559		0.20		9.36		0		99		17

		Inf. Gallery A		cold		6.8		82.5		<3		<1		11.3		1.63				30.7		4.12		<.5		<.2

		SprgCreek_2011_DRI_F		41		7.54				2.29		0.52		16.8		2.34		<.01		58.0		6.2		0.3		0.14		12.1		<.05

		MnmtCreek_2011_DRI_F		48		7.36				2.80		0.58		12.1		1.50		<.01		34.0		9.6		1.9		0.18		9.6		<.05

		1980 Analyses

		Spring2_F		?		8.5		374		107		2.8		2.8		0.03		0.29		131.0		65.7		22		21.00		86		1.3		264		257

		Spring6_F		?		8.5		384		112		2.7		3.6		0.02		0.29		132.0		66.7		24		20.00		88		1.5		266		249

		Spring_11_F		?		8.8		396		120		2.8		3.6		0.1		0.30		125.0		71		20		20.50		91		1.8		270		248

		Pre 1980 Analyses

		1912		?				363		107		0		2.9		0.2				116.0		89		35

		1917		?				388		94		0		2.3		1.2				118.0		78		26

		1972		?		9.14				110		3.3		1.3		0.13				114.7		68		28.9		18.60

		T= Thermochem analysis

		DRI = Desert Research Institute Analysis

		A=Analyticia

		F= Flowing Sample

		B= Bailed Sample

		ave= average of more than one analysis

















Balances

		Table 1 Chena BASIC CHEMISTRY Aug. 11, 2006

		Thermochem Analyses

																																		ICP		Color				Total		Total

				Temp. 		lab		field		TDS		HCO3		CO3		F		Cl				SO4		Ca		K		Li		Mg 		Na		SiO2		SiO3		B		Cat		An

				F		pH		pH				ppm				ppm		ppm				ppm		pm		ppm		ppm		ppm		ppm		ppm		ppm		ppm		meq		meq		Bal.

		Sample and Lab						(papers)



		Thermochem Analyses

		Well 0  T				8.82				330		116.0				17.70		22.4				64.5		3.11		2.7		0.291		0.23		102		72.5				1.2		4.7		4.8		0.98

		Well 1  T				6.63				97.4		64.5				0.73		0.6				3.76		17.9		1.0		0		2.03		6.89		14.4				0		1.4		1.2		1.16

		Well 2  T				9.19				289		129.0				15.10		17.2				33.5		3.21		3.0		0.254		0.149		86.2		1.35				0.894		4.0		4.1		0.99

		Well 2 DRI				8.16						102.0				17.00		16.5				39.2		3.53		2.7		0.26		0.13		90.2		62				1.09		4.2		3.8		1.10

		Well 3  T				9				282		122.0				15.60		11.6				40.4		2.66		2.3		0.257		0		86.8		73.2				0.917		4.0		4.0		1.00

		Well 4  T				8.95				330		122.0				18.60		20.6				58.5		2.94		2.8		0.301		0		103		76.4				1.23		4.7		4.8		0.99

		Well 5  T				8.99				339		122.0				18.80		24.2				61.3		2.57		2.9		0.32		0		106		81.6				1.33		4.9		4.9		0.98

		Well 7 Analyticia				8.9				406		78.0				18.80		24.6				58.3		2.59		2.3				0.0		145		36.3						6.5		4.2		1.56

		TG-1  T				8.92				341		123.0				18.50		23.2				59.8		2.45		3.0		0.31		0.0		109		80.1				1.3		5.0		4.9		1.02

		TG-3 UAF 				7.61				214		126.0				17.61		20.9				0.0		2.52		4.5				0.2		75								3.5		3.6		0.99

		TG-2 UAF (average)				6.75				62.4		52.7				1.29		0.2				5.9		9.57		1.1				1.7		4								0.8		1.1		0.77

		TG-4 UAF (average)				8.82				347		96				18.8		24.99				61.3		0.14		4.14				0.17		98								4.4		4.5		0.97

		TG-5 UAF (average)				9.16				258		119.0				17.00		3.8				24.6		0.16		2.9				0.1		69								3.1		3.5		0.90

		TG-6 UAF (average)				6.8				102.4		70.7				0.67		0.8				10.0		11.89		1.0				3.2		5								1.1		1.4		0.77

		TG-7 DRI				8.88						98.3				13.50		8.8				29.2		2.46		1.8		0.23		0.0		78		64.2				0.7		3.6		3.2		1.13

		TG-8 DRI				8.88				361		92.0				19.30		25.0				62.9		2.57		2.8		0.31		0.0		108		84.4				1.3		4.9		4.5		1.09

		TG-9  UAF (average)				8.98				349		91.2				17.03		24.6				56.2		0.27		3.6				0.0		95								4.2		4.3		0.99

		TG-10 UAF (average)				6.88				59		49.4				0.00		2.2				11.05		5.97		1.0				1.87		4.76								0.7		1.1		0.62

		Cold Water Well 1  T				7.13				131		70.5				0.61		14.1				6.0		19.2		0.7		0.00		2.8		17		10.9				0.0		1.9		1.7		1.14

		Cold Water Well 2  T				7.19				254		63.9				9.97		18.9				82.5		11.8		2.7		0.20		0.6		63		22.5				0.8		3.5		3.8		0.91

		Monument Creek  T				7.46				52.5		28.6				0.11		0.7				8.86		10.3		0.5		0.2		1.31		2.04		8.58				0		0.8		0.7		1.11

		Spring Creek  T 				7.36				92.4		64.6				0.20		0.6				5.83		15.8		0.452		0.1		2.28		2.65		9.36				0		1.1		1.2		0.93

		Infiltration Gallery (A)				6.8				82.5		30.7				0.00		0.0				4.12		11.3		0				1.63		<3								ERROR:#VALUE!		0.6		ERROR:#VALUE!

		1980 Analyses																																						0.0

		Spring 2		158		8.5				373.5		131.0				21.00		22.0				65.7		2.8		2.8		0.29		0.03		107.0		86				1.3		4.9		5.2		0.94

		Spring 6				8.5				383.9		132.0				20.00		24.0				66.7		3.6		2.7		0.29		0.02		112.0		88				1.5		5.2		5.3		0.98

		spring 11		142		8.8				395.6		125.0				20.50		20.0				70.8		3.6		2.8		0.3		0.5		120		91				1.8		5.6		5.2		1.08

		Well 1 (not same as well 1 above?)		102		8.8				422		148.0				19.50		24.0				71.9		4.8		0.3		0.3		0.07		110		91				2		5.1		5.6		0.90

		well 3 (in womens ATCO unit bath room)		50		6.7				121.1		84.0				2.20		5.0				14.4		16.5		0.70		0.01		2.5		14.5		22.0						1.7		1.9		0.87
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