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Nesjavellir Geothermal Power Station in Iceland

Superconductingsravity Meters Provide:
A Continuous Gravity Data AUltra low linear drift
ASub pGal Precision A Constant scale factor

A Extremely low noise Alnsensitive to locatnvironment
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DevelopingReservoiModelsat GeothermalFields
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Undergroundeservoirmodels are neededto better understandthe functioningof geothermalffields
Reservoimodelsusegeophysicameasurementso preciselyunderstandthe structureandfunctioningof the field.
Theséanclude gravity,resistivity,selfpotentialand magnetotelluric methods

Modelingalsodependson geologicameasurementsncludingporosity,mineralgraindensityandbulk density.

Gravitydatais usedfor interpretingthe structureof rockformationsandalterationin rocksand mineralsdue to hot fluid flow.
Structurecloseto the surfaceproducesstrongandlocalgravity effectsthat canbe measuredusingspringtype gravitymeters
However,deeperrock density contrastsproduce weaker signalsover wider areasand require much higher precisiongravity
measurement$o modeltheir structure.

Highprecisiongravitymeasurementsouldbe usedfor detectionof pore fluid changedor developmentmonitoring however,
this hasalsobeendifficult to achievewith springtype gravitymeters

Sincegravity dependson vertical position, GPSlata is necessaryo measurevertical deflectionand achievesa precisionof 3
mm or better. Independentof gravity, GPScannotdetermine masschangesnsidethe reservoir,but providessupplemental
informationon deformationand subsidencdo modela geothermalffield for structuralchangesand massflow of fluids.

Gravitymeasuremenicampaignsisingspringtype gravitymetersare important in all stagesof developinggeothermalenergy
resources- from prospectinga potential site on through plant operation In addition, somesitesuse absolutegravity meters
(AQ in conjunctionwith springtype gravitymetersto improveprecision

Limitationsof ContemporaryTechniquesJsingSpringand Absolute Gravity Meters:

AG and springtype gravity meters have limitations, which reducethe quality and reliability of their data We proposethat
deploymentof one or more superconductinggravimeters(SG)which continuouslyrecord high precisiongravity variations,in
conjunctionwith AGandspringtype gravitymeter surveyswill markedlyimprovegravityasatool for geothermalapplications

SpringGravity Meters: Mechanicalspringtype gravity meters havea repeatabilitythat is typically 10 pGaland are designed
to be portable andto make measurementgjuicklyin surveysover a spatiallydefined network. In general,these metersare
lessexpensivghan SGsand easierto use However springtype gravity metersare well knownfor their unpredictabledrifts of

tens of nGalsto a few milliGalsper day. In addition, their scalefactor is not constant drift rates may changedramaticallyin

responseto changesn pressureandtemperature andoffsetsor W (i | iNdg gc&rfrom mechanicabhock Forthesereasons,
usersoften carry multiple springmetersto improve results More recently,usershavetied relative gravity sitesto absolute
gravitymeter (ALO and FG) referencestationsto improveresults

Absolute Gravity Meters: Absolutegravitymetersare alsodesignedo be movedandto makesurveysput cannotbe moved
asrapidly asspringgravitymeters Thebestabsolutegravity meters (Micro-g FG) achievea precisionof +/- 1 uGal,but are
difficult to moveandneedat least12to 48 hoursto achievethat precision Thereforethe smallfield absolutegravitymeters
(Micro-g A10) with a precisionof +/- 10 pGal are often used Sinceabsolute gravity meters cannot make continuous
measurements higher frequency information occurring between surveysis lost and correlation with other continuously
monitored parameterds not possible

Advantagesof aniD NJ 8GMeter:
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Continuous Gravity Reference Statiot: KS A DNJ @ux { D YSGSNI LINP@PARSa I O2yilAy
correlation with injection or extraction rates and other geophysical measurements. Continuous signal analysis technique:
extremely powerful for modeling and discriminating local hydrology from deeper geothermal signals of interest. SGk are

to run for decades with simple annual refrigeration maintenance cycles.

Instrumental Stability: SGs have very low drift rates of less than 6 pGall/year and the drift rate is extremely linear over ye
to decades. The SG scale factor is constant to better than 1 part amdGince the SG operates in a cryogenic environment

it is totally insensitive to external pressure and humidity.
Low Noise and High Precision SGshavea precisionof 0.2 uGal(Hz}/2, which is more than 20 db lower than typical spring
type gravitymeters With aone-minute averagethe SGattainsa precisionof 0.02 uGal

ContinuousGravity Monitoring will Enable

1.
2.
3.
4.

Correlation with injection and extraction rates and other geophysical signals

Precise modeling of Earth and ocean tides and atmospheric signals

Development of an accurate surface hydrological model necessary to achieve uGal precision
Testing of mass movement models of geothermal fields



5.
6.

Improved prediction and management of production
Improvements in life time estimation of the geothermal field
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Utilizing Superconducting Gravity Meters at Geothermal Sites:

1.
A

o Do Do N

To To o Do W

A single Superconducting Gravimeter (SG) will serve as a continuous and precise gravity station:

When placed outside the geothermal systetime SG provides a high precision gravity signal for referencing spring gravity a
AG measurements and thereby improving their precision. Additionally, the SG can be used to determine a precise loca
hydrological model for extrapolation into the Geothermal field and to verify that Geothermal operations do not negatively
affect the surrounding environment.

Located inside the Geothermal systetine SG can provide continuous measurement of underground mass movement; anc
provide a precise reference point to anchor microgravity surveys.

. Use and the advantages of two or more Superconducting Gravimeters:

One achieves the advantages of continuous gravity measurements made both inside and outside the geothermal syster
Enables measurement and subtraction of any common mode signals due to the Earth tides, ocean loading, atmospheric
effects, and surface hydrology which improves precision and simplified interpretation of gravity data.

Precisely monitors both regions of injection and extraction to directly monitor and optimize the utilization of the gealkhern
system.

. Using several continuously monitoring Superconducting Gravimeters meters allows for:

SubuGal resolution of gravity signals from underground sources by common mode rejection.
Determination of rapid mass flow changes from injection and extraction.

Determination of long term annual and decadal changes in the geothermal system.
Optimum and sustainable production management of a geothermal system.
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