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Chapter 3
The geology, seismicity and exploitation of The Geysers geothermal area

______________________________________________________________________________

3.1 The tectonics and seismicity of northern California

______________________________________________________________________________

3.1.1 Regional tectonics

______________________________________________________________________________

Northern California is dominated by the San Andreas fault system and the Mendocino triple junction (MTJ), the junction between the Gorda, North American and Pacific plates (Figure 3.1).  At about 30 Ma, the subduction of the Gorda plate under the North American plate commenced, forming the MTJ, a trench-transform-transform triple junction (Furlong, 1993).  The MTJ has since migrated north along the North American plate boundary from southern California, reaching the Geysers-Clear Lake area at ~ 3.3 Ma.  The MTJ is presently at Cape Mendocino and is currently migrating north at a rate of 5 cm/year. Migration of the MTJ along the plate boundary terminated subduction and at about 30 Ma it initiated the broad right-lateral transform San Andreas fault system.

South of the MTJ are two main groups of faults (Figure 3.2).  The first, dominated by the aseismic Garlock Fault, runs from the south-west to the north-east in the south of the State.  This group of left-lateral faults were responsible for building the mountain range along the northern edge of the Mojave desert. The second group contains the San Andreas fault and its associated, distributed, right-lateral fault system.  The San Andreas fault zone extends for approximately 1000 km parallel to the Californian coast. 

Figure 3.1 – northward progression of the MTJ

Figure 3.2 – Map of California showing major fault zones

3.1.2 Regional seismicity

______________________________________________________________________________

California is highly seismically active and has experienced earthquakes exceeding magnitude 8.  In an attempt to monitor and understand earthquakes and fault systems in California, the United States Geological Survey (USGS) initiated a program of seismic station installation in 1969. By 1979, the North California Seismic Network (NCSN) had reached its current configuration of about 550 stations covering all of California. With this network all earthquakes with magnitudes greater than about 1.0 are located. Currently, NCSN includes more than a hundred, mostly 1 Hz, vertical component sensors, between San Francisco and the MTJ.

The distribution of seismic activity in northern California is controlled by the tectonic stress regime imposed by the plate boundary that follows the Californian coastline.  North of the MTJ, there is oblique subduction of the Gorda plate below the North American plate (Cockenham, 1984; Walter, 1986; Castillo & Ellsworth, 1993, Hill et al., 1990).  The extent of the subducted plate is shown by earthquake hypocentres, which gradually deepen from the coast towards the east-south-east to a maximum depth of 87 km defining a 20 dipping Wadati-Benioff zone (Figure 3.3).  These earthquakes are distinct from the shallow ones in the North American plate which are related to compression in the subduction environment.  Epicentres cluster in the vicinity of the MTJ, and are more diffuse to the north, east and south-east (Hill et al., 1990).
- 30
Most of the relative plate motion in the San Andreas fault system to the south of MTJ is accommodated in great (M > 8) earthquakes which occur roughly once per century.  Between these large events, smaller-magnitude seismicity occurs, mostly along lesser faults within the San Andreas system. Work on the North Coast Ranges (Hill et al., 1990; Castillo & Ellsworth, 1993) show that earthquake epicentres define lineations east of the San Andreas fault running sub-parallel to it (Figure 3.4).  These lineations indicate sub- parallel fault zones, 2-3 km wide, e.g. the Maacama and Bartlett Springs fault zones.

A north-west - south-east cross-section of the seismicity close to The Geysers (Figure 3.5a) shows a continuous level of activity with an undulating seismic base, varying from ~10 km in the north-west to ~ 12 km in the south-east.  The seismic
Figure 3.3 – Seismicity adjacent to the MTJ

Figure 2.4 – locations of Californian earthquakes

Figure 2.5 – Seismicity cross-sections adjacent to The Geysers.

base is shallowest at ~ 5 km beneath The Geysers. Complementary north-east - south-west cross-sections (Figure 3.5b) delineate the Maacama and Bartlett Springs fault zones, but fail to show the San Andreas fault. The regional hypocentral trend deepens to the east from ~ 10 km at the Maacama fault to ~ 25 km at Great Valley. 

3.2 The Geysers geothermal area

______________________________________________________________________________

3.2.1 Introduction

______________________________________________________________________________

The Geysers geothermal area is the world's largest development of geothermal steam for electricity production.  It is located about 120 km north of San Francisco in northern California, and is presently supplying ~ 6% of northern California’s power  (Figure 3.6).  The developed area is elongated parallel to the trend of the regional fault zone and is roughly 600 km2 in size. 

The rocks of The Geysers are thought to form three geological units (Figure 3.7).  Shallowest is an impermeable serpentinite caprock.  This is underlain by fractured greywacke reservoir rock containing steam and hot water.  Below is thought to be a magma source.  These units are bounded to the south-west and north-east by major fault zones.  The Geysers is one of the most seismically active areas in California.  This seismicity is almost exclusively limited to the commercially developed area and is thus thought to be industrially induced.

3.2.2 Geology of The Geysers area

______________________________________________________________________________

The Geysers area consists of two Jurassic-Cretaceous units assigned to the Franciscan and Great Valley sequences (Figure 3.8), partially capped by Quaternary volcanics.  The Franciscan assemblage was intruded during the Pleistocene by a composite batholith known as the “felsite”. 

The Franciscan assemblage is a heterogeneous body of intensely-deformed and mildly- metamorphosed sandstone, chert and mafic igneous rocks ranging in age from late Jurassic in the east to Miocene in the west (Figure 3.8).  The Franciscan assemblage is thought to have been deposited in a trench environment over an
Figure 3.6 – Map of The Geysers showing the approximate reservoir boundary and the major fault zones.

Figure 3.7 – Structural model of The Geysers

Figure 3.8 – Major crustal features of northern California

easterly-dipping subduction zone.  The mafic igneous rocks and chert are thought to have had an oceanic origin but the sandstone units may be derived from a terrestrial (i.e. island arc or continental) source.  

The Great Valley sequence (Figure 3.8) is composed of moderately-deformed Late Jurassic to Late Cretaceous marine sedimentary rocks deposited in a series of submarine fans within an arc-trench gap or fore-arc basin environment.  It overlies the fragmented late Jurassic Coast Range Ophiolite, thought to represent ancient oceanic crust.  The Franciscan assemblage and Coast Range Ophiolite are separated by a great north-east dipping regional thrust called the Coast Range thrust (Bailey et al., 1970).  

The Clear Lake volcanic field was extruded onto Franciscan assemblage and Great Valley sequence rocks east and north-east of The Geysers during the Quaternary, and covers an area of approximately 400 km2 (Figure 3.8).   These rocks are the eruptive products of mantle heating, crystal fractionation and assimilation of rocks from the Franciscan assemblage, Great Valley sequence and the lower crust.  Volcanic activity commenced at about 2 Ma and ceased approximately 10,000 years ago.  The K/Ar age dates indicate that the volcanic rocks get progressive younger in a northerly direction within the volcanic field.  The formation of this field may relate to the passage of the Mendocino triple junction through these areas or to the movement of the North American plate over a stationary hotspot (McLaughlin, 1981; Hearn et al., 1981; Furlong et al., 1989).  

The felsite batholith, intruded into the Franciscan Assemblage during the Pleistocene, is a composite body consisting of rhyolite porphyry, granite and granodiorite.  Close temporal and geochemical similarities between the felsite and outcrops on Cobb Mountain suggest that they are equivalents (Hulen & Nielson, 1993).  Despite geochemical similarities, the felsite is too old to be an equivalent of the Clear Lake volcanics (1.3 vs. 1.07 Ma respectively).  Although the felsite has a close spatial relationship with the steam reservoir, it is too old to be the heat source of the geothermal system (Dalrymple, 1992). It has been suggested that The Geysers reservoir is 'mining' heat from a body at 7-10 km, consisting of either hot intrusions, magma or a mixture of the two, which is younger than 0.1 Ma (Truesdale et al., 1993).

3.2.3 Tectonic history

______________________________________________________________________________

The Geysers-Clear Lake region has a complex history of deformation representing a transition from a subduction to a shear regime during the Cretaceous to the Early Tertiary.  During this period, the Franciscan and Great Valley Sequence units were deformed and probably underwent significant strike slip.  These were then uplifted to their current position later during the Tertiary.

The major fault zones in The Geysers, such as the Maacama, Mercuryville and Collayomi fault zones, trend north-west to south-east parallel to the regional trend (Figure 3.8).  These zones have complicated displacement histories on high-angle and north-east dipping surfaces reflecting periods of reverse, normal and right lateral strike-slip motion (Hearn et al., 1981; McLaughlin, 1981). Numerous high-angle faults occur between these major fault zones.  Their structural trend varies from north-east, north-north-west and north-west oriented normal faults and north-west trending strike-slip faults (Hearn et al., 1976b).

3.2.4  The steam reservoir

______________________________________________________________________________

3.2.4.1  Geology and tectonics

______________________________________________________________________________

The steam reservoir is confined to the north-eastern limb of the Maacama antiform (Figure 3.7).  It is bounded on the south-west by the Mercuryville fault zone and on the north-east by the Collayomi fault zone. These major fault zones trend north-west to south-east, parallel to the regional trend. The reservoir boundaries to the north-west and south-east are less well defined.  It is thought that the reservoir extends no further 380 52’ to the north-west and 380 44’ to the south-east (Figure 3.6).

Much of the reservoir is within fractured Franciscan assemblage greywacke sandstone. The fracture network was enhanced and intensified by repeated episodes of felsite intrusion (Truesdale et al., 1993).  Consequently, most of the porosity in the reservoir is fracture related and its distribution related to the depth of greywacke and its distance above the felsite.  The porosity of the reservoir greywacke is typically 2.3%, compared to 1.6% exhibited by non-reservoir greywackes (Gunderson, 1992).   Upper portions of the felsite also form part of the reservoir, with a mean porosity of 2%.  Fractures within the reservoir are mostly vapour-filled (Truesdale & White, 1973). In the north-west Geysers, the thickness of the reservoir is only 600 - 1000 m, with the first steam entries at 760 - 1370 m below sea level.  The thickness of the normal reservoir increases to ~1500 m and possibly to 5000 m in the central and south-east areas. Here the first steam entries are much shallower, at 610 - 760 m below sea level.

The reservoir can be divided into two distinct parts - a field-wide 'normal' reservoir with temperatures up to 235oC, and a vapour-dominated, high-temperature reservoir (HTR) at about 342°C which underlies the normal reservoir in the north-west of the steam field (Figure 3.9).  The normal reservoir and the HTR are separated by a large temperature gradient over a 100 - 200 m depth interval (Truesdale et al., 1993).  The steam pressure is the same in both reservoirs, implying that they are connected.  The difference in temperature in the two reservoirs is thought to be a result of different heat transfer methods (Truesdale et al, 1993).  According to this model, heat transfer in the HTR occurred by conductive heating from an igneous intrusion, whereas heat transfer in the normal reservoir occurred by a more efficient “heat pipe” process.  By this process, heat is rapidly transmitted by a fluid that vaporises at one end of the pipe and condenses at the other, so resulting in counter-flows of vapour and liquid along the 'pipe'.  Three boiling centres are thought to exist in the central and south-east Geysers (Truesdale et al., 1993).  Water flashes to steam there, then rises upwards and condenses at the top of the reservoir before returning to the boiling centre. This convection system is absent in north-west Geysers.

3.2.4.2 Formation and evolution

______________________________________________________________________________

The Geysers has hosted at least three distinct hydrothermal systems.  The first was an ancient regional metamorphic system at 170-200°C that formed in response to rapid burial in the presence of a normal geothermal gradient.  The second was a hot water system at 170-350°C which was fuelled by a magmatic source.  The third was a vapour-dominated reservoir evolved from the earlier hot water system operating at a temperature of 235 to 342°C (Walters et al., 1992).

Figure 3.9 – Schematic of the geothermal system

Several models have been suggested for the formation of the normal and HTR reservoirs.  The shallow emplacement of the felsite body in the central and south-east Geysers  produced a fracture system that reached the surface in those areas (Walters et al., 1992). This caused venting and decompression of the liquid-dominated geothermal system and initiated boiling, so forming the normal reservoir.  Then the reservoir lost most of its original gaseous content and was flushed by meteoric water.  In the north-west Geysers the fracture system was deeper and did not reach the surface, leading to a slower evolution of the reservoir.  Venting was first achieved along faults and fractures in the normal reservoir and then was artificially enhanced by commercial exploitation in central areas of the field.  The poorer connection with the surface in north-west Geysers ensured that less condensable gas was vented and dilution by meteoric water was less important.  

The HTR may also be a fossil of an earlier liquid-dominated system that is still cooling (Walters et al., 1992).  Alternatively, a possible absence of a liquid saturation zone in the HTR has meant that liquid from the normal reservoir has been evaporated on hot, dry rocks, heated by conduction from a deeper magmatic source (Truesdale et al., 1993).  Another model suggests that the HTR was formed by magma injection, which rapidly heated and boiled the existing reservoir liquid (Kennedy & Truesdale, 1994).

3.2.4.3 Reservoir recharge 

______________________________________________________________________________

Compared to the amount of commercially injected fluid (Section 3.6), the amount of natural recharge is essentially nil.  One source of recharge for the normal reservoir is thought to be meteoric water from Cobb Mountain (Figure 3.6).  Although there is no known subsurface connection between the normal reservoir and Cobb Mountain, recharge might be possible through the reservoir greywacke or the felsite.  Recharge may also be possible through volcanic vents (Goff et al., 1977), or through reservoir outcrops in the south-east Geysers.  The great thickness of low-permeability Franciscan rocks in the north-west of the geothermal field makes surface recharge of the HTR unlikely. HTR recharge is more probably from magmatic and metamorphic sources.

3.2.4.4 The reservoir caprock

______________________________________________________________________________

In the south-east Geysers, Franciscan greenstone, chert and serpentinised periodite form the caprock to much of the reservoir (Figure 3.7).  This caprock is typically 1100 m thick.  In the north-west Geysers, the caprock is formed by outcropping greywacke.  The greywacke caprock is identical to reservoir greywacke apart from a paucity of fractures.  In the north-west Geysers the caprock is typically 3300 m thick (Figure 3.7). 

3.3 Geophysical exploration in The Geysers
______________________________________________________________________________

3.3.1 Gravity, magnetic and electrical surveys

______________________________________________________________________________

Gravity surveys by the Californian Division of Mines and Geology (DMG) and the USGS revealed a ~ 30 mGal negative gravity anomaly centred near Mount Hannah, with a smaller negative anomaly near The Geysers (Chapman, 1966; Isherwood, 1975) (Figure 3.10a).  Most studies have agreed that these enclosed gravity anomalies are probably produced (in part or totally) by a partially-molten magma chamber at depth.  Early models of the gravity data featured a low-density, spherical magma chamber with a 6.5 km radius, centred at ~ 13.5 km below sea level (Isherwood, 1981).  More recent models feature a body of partial melt centred at depths of 15-20 km with a complex shallow crustal structure (Blakely & Stanley, 1993) (Figure 3.11).  The negative anomaly in The Geysers is thought to be a combination of high-temperature, excess-porosity, low-density sources (e.g. magma) at depth, steam-filled rocks and hydrothermal alteration (Denlinger & Kovach, 1981).  Aeromagnetic data collected by the DMG and the USGS show two negative magnetic anomalies of -120 nT (10 km south of The Geysers) and -60 nT (10 km north-east of Mount Hannah), separated by a 60-nT positive anomaly centred on the Collayomi Fault zone (Figure 3.10b) (Isherwood, 1976).  The data were interpreted as Coast Range ultramafic rocks (e.g. serpentinite) and Clear Lake volcanics (Isherwood, 1976).  The magnetic and gravity anomalies do not coincide.

A geoelectrical cross-section compiled from direct-current, bipole-dipole, time-domain electromagnetic and magnetotelluric measurements shows that resistivities


Figure 3.10  - Residual gravity and magnetic maps of the Geysers.

Figure 3.11 – Gravity and magnetic modelling

Figure 3.12 – Geoelectrical cross-section

in The Geysers range widely from 7 to 100 m, depending on the amount of melt and the water content (Wannamaker, 1986).
m (Stanley & Blakely, 1995) (Figure 3.12).  The lower resistivity units have been interpreted as altered greywackes in the reservoir and the higher resistivity ones as unfractured graywackes, greenstones and mafic rocks.  The magma body beneath The Geysers is modelled as having a resistivity between 0.3 - 3 
3.3.2 Seismic surveys

______________________________________________________________________________

Active seismic techniques have had limited success in The Geysers due to the rugged terrain and hetereogeneous surface geology.  Two VSP surveys have been conducted to detect the extent of fracturing within the reservoir using P- and S- wave vibrators.  Majer et al. (1988) detected anomalous shear wave behaviour above the reservoir and an 11% anisotropy in S-wave velocity which was attributed to fracture content.  The second survey was undertaken in the felsite body in the south-west Geysers (Majer et al., 1988), and similar Vp/Vs ratios to the first survey were observed.  The only documented reflection survey (Denlinger & Kovach, 1981) met with limited success due to energy scatter. Reflectors at 2.5 to 3 km were detected and a lower boundary at < 4 km was interpreted as a tectonic boundary within the Franciscan Assemblage. Refraction profiles have revealed anomalously high P- and S-wave velocities and low attenuation at shallow depths (< 3 km) in the production area when compared to regional values (Majer & McEvilly, 1979).

Teleseismic P-waves have been used to image the lithosphere beneath The Geysers (Iyer et al., 1981; Oppenheimer & Herkenhoff, 1981; Benz et al., 1992).  These studies have suggested that there are low-velocity bodies > 4 km beneath The Geysers consistent with silicic partial melt.  P-wave arrival-time studies showed delays of one second under the steam field, and 0.9 seconds under Seigler Mountain and Mount Hannah (Figure 3.6; Figure 3.10).  This represents a regional velocity decrease of 15% and up to 25% under Mount Hannah and in the production area.  From these studies it was estimated that the crust under The Geysers is about 24 km thick.
3.3.3 Local earthquake tomography

______________________________________________________________________________

Several models of the velocity structure in The Geysers have been presented by previous workers (Table 3.1).  

Table 3.1  Statistics for local earthquake tomography of The Geysers geothermal area (After Ross, 1996).  NA = information not available.

Reference
Modelled parameter
Number of 

seismic stations
Number of earth-quakes
Number of seismic phase arrivals
Dimensions of modelled volume


Vp
Vp/vs
3 comp
Vertical
3 comp
P-wave
S-wave
(km)

Eberhart-Phillips (1986)
Yes
No
14
64
170
NA
NA
18x15x5

O’Connell (1986)
Yes
Yes
9
8
38
469
294
NA

Zucca et al. (1994)
Yes
No
NA
NA
NA
NA
NA
8.5x5.5x5

Romero et al. (1994)
Yes
Yes
16
0
480
9700
2700
5x5x4

Julian et al. (1996)
Yes
Yes
20
16
185
4032
944
20x20x7

Foulger et al. (1997)
Yes
Yes
7
15
146
2522
656
20x20x7

A study by Julian et al. (1996) used data from the UNT (Section 4.1.1) and IRIS (Section 3.4.3) networks from April 1991.  A strong -9% Vp/Vs (P-wave velocity/S-wave velocity) anomaly was observed to coincide with the most exploited part of the geothermal field in the depth range 0-3 km .  This anomaly was not observed in the Vp model.  This three-dimensional Vp ​and Vs model was used to locate the earthquakes analysed in this thesis (Section 4.3.4.2).  A similar study using data from a later time period, 1994 (Foulger et al., 1997) showed that the Vp/Vs  anomaly had increased by ~4% since 1991, consistent with the expected effects of continued pressure reduction and the conversion of pore water to steam by steam extraction.

3.3.4 Geodetic studies

______________________________________________________________________________

Surface deformation monitoring since the 1970s shows that The Geysers area has been subsiding (Lofgren, 1981).  The mean subsidence rate, relative to a point 20 km from the reservoir, was ~ 4.8 cm/year between 1973 and 1977, and was centred on the most exploited areas of the reservoir.  A causal relationship between reservoir pressure decline and surface subsidence has been suggested (Lofgren, 1981).  Another model (Denlinger & Kovach, 1981) suggested that the subsidence was due to cooling caused by phase changes and subsequent steam extraction within the reservoir. Three GPS studies conducted between 1994 and 1996 showed a mean subsidence rate of 4.7 cm/year (Mossop & Segall, 1997).  Subsequent modelling using these data showed that the reservoir pressure decline was a more likely cause for the motion than cooling.
3.4 History of seismic monitoring in The Geysers

______________________________________________________________________________

3.4.1 Early seismic monitoring

______________________________________________________________________________

Before 1975, seismic monitoring in The Geysers was restricted to temporary networks deployed in short term experiments.   The details of these networks and dates are given in Table 3.2.  These studies established the need for continuous monitoring.

Table 3.2  Summary of seismometer networks operated at The Geysers 

Network / Reference
Dates
 of stations
Array diameter

(Km)
 of events

Lange & Westphal  (1969)
10-19 October 1968 (120 hours)
6 vertical component
Not available
19

Hamilton & Muffler  (1972)
16 March - 7 April 1971
7 remote, 1 base station
Not available
53

NCSN
From 1975 in The Geysers
8 stations within The Geysers; 40 within detection threshold
15

(in The Geysers)
120 Md  1.2 events / month

O’Connell  (1986)
26 days in 1982 
Not available
6 
Not available

UNT Partnership 
From 1985
22 (in 1995)
15 


40-50 events / day

GEO (NW Geysers)
1988 - 1994
16
4 
5000

IRIS
April - May 1991
15
15 


3096

LBL (SE Geysers)
1992 - 1995
13
7 
~ 75 events / month

3.4.2 The NCSN network

______________________________________________________________________________

In 1975, the USGS set up permanent seismometer stations in The Geysers, to monitor continuously the local earthquake activity (Marks et al., 1978). Eight seismic stations are located within a 25 km radius of The Geysers and more than 40 regularly detect earthquakes within the production area (Eberhart-Phillips & Oppenheimer, 1984) (Figure 3.13) (Table 3.2).  Analogue signals from stations in The Geysers are transmitted to the USGS Western Region Headquarters at Menlo Park, California.  There the signals are digitised at 100 samples per second, the P-wave arrivals picked automatically and the hypocentres and coda-length magnitudes calculated. NCSN earthquakes are catalogued at the Northern California Earthquake Data Centre (NCEDC) at the University of California, Berkeley.  The NCEDC database is updated daily with the NCSN earthquake data recorded in the previous 24 hours. The NCSN network had a magnitude detection threshold of Md = 1.2 in 1975.  Subsequent improvements in the network since 1981 have reduced the threshold to Md = 0.5.  Typically ten events in The Geysers are recorded every day, but there are many more small-magnitude events in the geothermal area than can be located by NCSN. The installation, beginning in 1985, of a dense, local network operated by the UNOCAL - NEC - Thermal industrial partnership, addressed this need (Section 4.1.1).

3.4.3  Other networks

______________________________________________________________________________

Several small, dense, permanent networks have been operated intermittently in the north-west and south-east Geysers (Table 3.2).  In 1988, Geo East Mesa Limited Partnership (GEO) installed a network in the north-west Geysers (Romero et al., 1995).  This 4 km diameter array contained 16 high-frequency borehole sensors.  The Lawrence Berkeley Laboratory (LBL) installed a network in the south-east Geysers in 1992.  It contained 13 high-frequency (4.5 Hz) digital surface seismometers in a 7 km array.

The IRIS network was operated by the USGS / University of Durham for one month in 1991 (Figure 3.13).  It recorded local earthquakes within The Geysers, which were used for local earthquake tomography (Section 3.3.3) and to study earthquake moment tensors (Julian et al., 1996).  The network consisted of fifteen


Figure 3.13 – location of NCSN, IRIS and UNOCAL stations

three-component sensors in a 15 km array.  All stations used 2 Hz sensors apart from one which used an existing 4.5 Hz borehole sensor of the GEO network.  The seismic data were recorded at 100 samples per second.  During the 1-month monitoring period, 3906 earthquakes were recorded.  Of these, 500 were located and 296 were used to derive the tomographic model.

3.5  Seismicity within The Geysers

______________________________________________________________________________

According to the NCSN catalogue, The Geysers is about 45 times as active as the rest of northern California (Section 3.1.2) (Ludwin et al., 1982). Figure 3.14 is a plot of NCSN epicentres and cross-sections for periods of one year between 1972 and 1995.  The data presented is complete from 1975, when the NCSN threshold magnitude was Md = 1.2.  Prior to the installation of NCSN seismometers in The Geysers in 1975, insufficient sensor coverage prevented the detection of the majority of the earthquakes. 

Between 1975 and 1995 there was a dramatic increase in the number and spatial distribution of earthquakes within the geothermal area.  In 1975, seismic activity was limited to the central part of The Geysers.  Since then, the seismicity has occupied two distinct  volumes; one from 0 - 2.5 km below sea level and the other from 4 - 5 km.  The rocks in the aseismic zone between 2.5 and 4 km below sea level are thought to be less fractured than the rest of the reservoir, and are consequently not as seismogenic (Ross, 1996).  The dearth of deeper earthquake activity is thought to be due to elevated temperatures at shallow depths within The Geysers-Clear Lake region, perhaps due to a molten or partially molten magmatic body (Bufe et al., 1981).  

During the late 1970s and early 1980s, the seismogenic volumes spread to the north-west and south-east.  Distinct epicentral clustering first becomes obvious in about 1979. Between 1981 and 1989, the period corresponding to rapid development of the production area (Section 3.6), the number of events contained in these clusters increased (Figure 3.14).  An aseismic ‘deadzone’ in the central Geysers is a constant feature from about 1984 onwards.  Seismicity in previously aseismic areas (e.g. the north-west and south-east Geysers) was scattered and shallow. From 1989 and during the early 1990s a more diffuse seismicity pattern developed (Figure 3.14b(f)  (h)).  The shallower seismogenic volume became


Figure 3.14a – Epicentre maps and cross-sections for NCSN data 1972-1983.

Figure 3.14b – Epicentre maps and cross-sections for NCSN data 1984-1995.

less well defined, spread to the north-west and south-east and then merged more with the deeper seismic volume.  The epicentral clusters merged to form a single zone in the central Geysers, though the ‘deadzone’ was still visible.  By the mid-1990s, distinct clusters had reappeared in the central Geysers (Figure 3.14b(l)). Outside the geothermal area, tectonic seismicity occurred along the Maacama and Bartlett Spring fault zones (Figure 3.5).

3.6 Commercial exploitation of The Geysers

______________________________________________________________________________

The Geysers area has been commercially exploited for approximately 140 years.  The first development  was in the 1860s when a resort hotel south of Big Sulphur Creek (Figure 3.6) used the nearby fumaroles and hot water springs.  In 1922 steam from wells drilled north of Big Sulphur Creek was used for electrical power production using a 1 KW generator.  This project was abandoned in 1940 after the steam corroded the pipes and the generator.

Large-scale commercial development started in the mid 1950s after the development of new stainless-steel alloys designed to withstand the corrosive effects of hot steam.  In 1955 a well-drilling program was initiated that had, by 1958, sufficient wells to supply a small electrical power generating unit.  In September 1960 the first Pacific Gas and Electricity (PG&E) Utility (Unit 1, a 12-MW power unit) was brought into production (Figure 3.15).  Steam was provided by a consortium of developers.  Production at this time was modest, being about 0.1x106 kg/hour in 1960 rising to 0.73x106 kg/hour in 1968 (Table 3.3).  This capacity stayed constant until the mid-1970s.  The resource was estimated to have a maximum capacity of 3000 MW and a lifetime of 30 years (Kerr, 1991).  These projections were based upon estimates of the amount of available heat to generate steam.  It was largely assumed that there would be enough water to carry the heat to the surface. Research into the reservoir and its mechanisms were neglected (Kerr, 1991).

In 1971, with the arrival of the Union Oil Company of California (UNOCAL) in The Geysers, a period of sustained growth commenced.  The partnership between PG&E and UNOCAL was very successful with UNOCAL drilling wells and providing steam for PG&E’s power plants.  Between 1971 and 1981 twelve power plants were installed.  The average generating capacity increased by 67 MW per year to an installed generating capacity of 943 MW in 1981.  The mass of steam withdrawn from the reservoir mirrored the increase in power production with an average increase per year of 0.56x106 kg/hour, resulting in a total production of 6.58x106 kg/hour by 1981.

Table 3.3  History of development at The Geysers

Development 

Phase
Period
Installed generating capacity (MW)
Yearly increase in power generation (MW)
Steam withdrawal 

kg / hour

1
1960-1968
82
10
0.1x106 (1960)

0.73x106 (1968)

2
1969-1981
943
67
6.58x106 (1981)

3
1981-1989
2043
150
13.61x106 (1987)

A third phase of development began in 1981 with the installation of a further fourteen power plants between 1982 and 1989.  This rapid development was encouraged by the success of the UNOCAL/PG&E partnership, the rising price of oil and the introduction in 1980 of US Federal incentives to encourage research and development into alternative energy resources. Steam production doubled at a rate of 1.16x106 kg/hour to a maximum of 13.61x106 kg/hour in mid-1987. By the end of the 1980s, five utilities, three developers and three developer/utility companies were exploiting The Geysers (Figure 3.16; Table 3.4).

In 1987 there was  a sharp decrease in steam pressure within the reservoir.  By 1988, steam pressure had decreased from > 3.5 MPa to < 1.38 MPa in some areas (Barker et al., 1992). This showed that liquid reserves were being converted into steam at a much greater rate than they were being replenished by recharge, and that the field was over-developed. 

Since then, steam production decline rates for UNOCAL-NEC-Thermal (UNT) areas have been 15%/year in the south-east Geysers, 7%/year in the north-west and 11%/year over the entire field. Unfortunately, due to a lack of communication between the operating companies and the belief that the drops in pressure were localised, new generating units were still being built as late as 1989.  This hastened the decline in steam pressure further. During the 1990s pressure within the reservoir continued to decline, with the reservoir currently operating at 2/3 its 1989 capacity.  No new wells on UNT leases have been built since 1989.

Figure 3.15 – Geysers production areas.

Figure 3.16 – power station locations

Table 3.4  Power generating units at The Geysers (from Barker, 1992)
Power generating

unit
Date on-line for commercial operation
Steam

Supplier
Gross capacity

(MW)
Cumulative capacity

(MW)

PGE-1
09-1960
Retired 1991
12
12

PGE-2
03-1963
Retired 1992
14
26

PGE-3
04-1967
Retired 1992
28
54

PGE-4
11-1968
Retired 1992
28
82

PGE-5
12-1971
UNT
55
137

PGE-6
12-1971
UNT
55
192

PGE-7
11-1972
UNT
55
247

PGE-8
11-1972
UNT
55
302

PGE-9
11-1973
UNT
55
357

PGE-10
11-1973
UNT
55
412

PGE-11
05-1975
UNT
110
522

PGE-12
03-1979
UNT
110
632

PGE-15
06-1979
Retired 1989
62
692

PGE-13
05-1980
Calpine-SRGC
138
829

PGE-14
09-1980
UNT
114
943

PGE-17
12-1982
UNT
117
1062

NCPA-1
01-1983
NCPA
110
1172

PGE-18
02-1983
UNT
119
1291

SMUDGEO-1
10-1983
GGC
72
1363

Santa Fe
04-1984
SFI
80
1443

DWR-Bottle Rock
03-1985
DWR
55
1298

PGE-16
10-1985
Calpine-SRGC
119
1617

PGE-20
10-1985
UNT
119
1736

NCPA-2
11-1985
NCPA
110
1846

CCPA-1
05-1988
GEO
65
1911

Bear Canyon
09-1988
GGC
20
1931

CCPA-2
10-1988
GEO
65
1996

West Ford Flat
12-1988
GGC
27
2023

Aidlin
06-1989
GEP
20
2043

Overproduction of The Geysers may have been averted if better resource management had been adopted, with a research program examining the effects of commercial activity on the output of the field.   If this had been done, predictions of the decline of the field might be taken more seriously.  If production had been maintained at 1980 levels, power production might still be at full strength (Kerr, 1991).  Now that the field is in decline, developers and operators are seeking methods to prolong its useful life.  Proprietary data have been released to the scientific community to help research.

Water injection has been used to slow the decline of the field. Heat within the reservoir is largely stored in the rock rather than in the water, so replacing the water lost by production would lengthen the life of the resource. Before starting injection in a well, the fracture distribution, rock permeability, temperature, steam pressure, rock type and liquid saturation need to be examined. Injection is simply a matter of pouring fluid into the well as the reservoir pressure is lower than the hydrostatic pressure, though care must be taken to avoid extensive chilling of adjacent rock surfaces.  During the 1980s, a field-wide total of 700 kg/s was injected at 25-300C.  A condensate re-injection program returned 25% of the extracted steam and fresh water from Big Sulphur Creek back into the reservoir. In some other cases, injection resulted in a modest steam production recovery of 7%, though water has been found in the bottom of some production wells rather than it flashing to steam.  In general, water injection has been of moderate long-term benefit to the recovery of the field.  

In September 1997, two pipelines carrying partially treated sewage from neighbouring towns to the south-east Geysers were completed (S.E. Geysers Wastewater Recycling System Website, 1998).  These inject an additional 200 kg/s of ‘grey water’ at the low temperature of < 100C.  An estimated 1.2 x 1010 kg of effluent water are delivered to the Geysers annually by this system.  It is expected that  40 - 100% of the injected fluid will be converted to steam, and, assuming a steam recovery rate of 50%, electrical output at The Geysers should increase by 70 MW.  However, any improvement in power production is difficult to assess. Since March 1998, UNOCAL wells have been operated in a cyclical pattern within the geothermal field, making it difficult to identify increases in steam production.  In addition, fluid has only been injected at operational levels since December 1997, so at the time of writing (September 1998) too short a time period has elapsed for the full effect of the reinjection to manifest itself (Atkinson, 1998). The environmental impact of pumping huge quantities of  ‘grey’ water into the south-east Geysers has yet to be assessed, though the Northern California Power Agency (NCPA) operating company has reported a large drop in the amounts of non-condensensable gases (e.g. H2S) found in the extracted steam.  

A similar effluent injection pipeline from the City of Santa Rosa to The Geysers is currently at the planning stage (Frye, 1997).  That pipeline is designed to carry 1.5 x 1010 kg annually, and is scheduled for completion by 2001.

3.7 Relationship between seismicity and geothermal exploitation in The Geysers

______________________________________________________________________________

Although there is very little information about the level of seismicity in The Geysers prior to the installation of the NCSN network in 1975, there is evidence that the area was significantly less active prior to exploitation.  A survey of all the seismic activity in northern California within a 60 km radius of the University of California Calistoga seismic station 1962-63 and 1975-77 showed that level of seismicity (Md  2.0) was twice as much during the latter period (Marks et al., 1978).  The majority of this increase was attributed to The Geysers geothermal area.  These findings are supported by the dramatic increase in activity recorded by the NCSN network since 1975, and by the greater number of reports of local felt activity and the amount of earthquake damage to local property (Figure 3.14).

The increase in earthquake activity is thought to be directly related to both the extraction of steam and the injection of fluid. A causal relationship between seismicity and commercial activity was first hypothesised in 1972 (Hamilton & Muffler, 1972).  Further work has supported this (e.g. Majer & McEvilly, 1979; Ludwin & Bufe, 1980; Allis, 1982; Ludwin et al., 1982; Eberhart-Phillips & Oppenheimer, 1984; Stark, 1992; Romero et al., 1994; Kirkpatrick et al., 1995), and several mechanisms have been suggested to explain these relationships (Section 3.8). There is strong evidence that 50% of earthquake activity in The Geysers is caused by fluid injection, with the remainder of the activity caused by steam extraction and tectonic processes (Stark, 1992).

Although seismicity due to tectonic processes does contribute to the overall level of seismicity in The Geysers, it is difficult to ascertain its contribution without seismic data prior to exploitation. An indication of the background level of seismicity in The Geysers is given by early studies of earthquake activity when there was  little geothermal development. In the late 1960s / early 1970s, production was ~ 80 MW and the seismicity rate was ~ 4 events/day (Lange & Westphal, 1969; Hamilton & Muffler, 1972).

There are some impressive correlations between seismicity and production-related activities on both local and field-wide scales.  During the period 1975-82, earthquake activity in previously aseismic areas started soon after production commenced (Figure 3.17) (Eberhart-Phillips & Oppenheimer, 1984).  A study of seismicity and the location of the electrical power plants after 1982 yielded similar results (Ross, 1996) (Figure 3.17).  Although power plants are not directly responsible for injection or steam extraction, for engineering purposes they are positioned close to wells where these activities are taking place.  Seismic activity in the central Geysers correlated exclusively with the operational generating units, and the deepest earthquakes occurred in the most exploited areas.  Furthermore, areas with rapid increases in seismic rate had been recently heavily exploited, suggesting a causal relationship (Figures 3.17e-h).  Seismicity in the south-east Geysers has remained comparatively low.  

Following the pressure decline in 1987 and subsequent slowing of development (Section 3.6), the seismicity rate decreased. By the mid 1990s, seismicity had become largely limited to isolated clusters adjacent to ongoing injection and production activities.  Areas where injection and production activities ceased have become relatively seismically quiet (Figures 3.17h - l).  There is also a correlation between the average rate of steam extraction and the number of earthquakes per year (Figure 3.18) (Ross, 1996).  Between 1975 and 1988 the rate of steam extraction and the seismicity rate at The Geysers are closely correlated.  The poor correlation after 1992 may be due to injection strategies not incorporated into the decline-curve calculations and unexpected changes in steam flow.

Fluid injection is another likely cause of seismic activity caused by commercial geothermal activities.  Although other authors have suggested that production, rather than injection is the principal cause of the seismicity in The Geysers (e.g. Eberhart-Phillips & Oppenheimer, 1984), studies of proprietary operational and geochemical data have revealed a spatial and temporal correlation between injection and seismicity (Stark, 1992).  Several mechanisms have been suggested to explain this phenomenon (Section 3.8).  Possible applications of injection-induced seismicity include path-tracking of fluid through reservoirs and estimates of reservoir bathymetry (Stark, 1992).  Injection induced seismicity has also been observed in vapour-dominated geothermal fields in Larderello and Travale, Italy (Batini et al., 1985), and in liquid dominated fields in Italy (Batini et al., 1985), New Zealand (Sherburn, 1984; Sarmiento, 1986) and in the Philippines (Bromley et al., 1986).

Figure 3.17 – power stations and seismicity in The Geysers

Figure 3.18 – steam flow rate per hour in The Geysers

Figure 3.19 shows an example of how injection episodes can induce earthquakes in The Geysers.  Adjacent to well DX-61, the seismicity rate was 18 events per month prior to  injection episode  in 1988 (Figure 3.19b).  After the episode the seismicity rate rose to 61 events per month and a plume of earthquakes occurred in a zone dipping to the south-west of the injection well (Figure 3.19b).  Similar results were reported for the north-west and south-east Geysers (Romero et al., 1994).

The completion of the ‘grey water’ injection pipelines provides an opportunity to study the effects of fluid injection in the south-east Geysers. Figure 3.20 is a plot of average monthly delivery rates between September 1997 and June 1998.  Delivery rates have been constant at ~ 360 kg/s since January 1998, bringing the total amount of injected fluid into The Geysers to 1060 kg/s.

Before the completion of the pipeline, 120 Md  1.2 earthquakes per month.  Afterwards, the seismicity rate increased by 50 - 80 earthquakes per month.  Epicentral plots and cross-sections (Figure 3.22) show that prior to the operation of the new pipelines in September 1997, seismicity was concentrated in clusters in the central Geysers.  The south-east Geysers was relatively aseismic at this time.  When the pipeline commenced operations, seismicity increased noticeably in the central Geysers, while the  south-east Geysers remained at the same level of seismicity. 
 1.2 earthquakes per month.  Figure 3.21 shows the number of NCSN-recorded earthquakes per month August 1997 - August 1998.  Prior to the completion of the pipeline in September 1997, there were 125 Md  1.2 earthquakes were occurring per month.  Assuming that injection is the cause of 50% of earthquake activity in The Geysers (Stark, 1992), the seismicity rate should increase by 30 - 40 Md 
Operating companies were at first reluctant to admit that their activities were inducing seismicity.  In the light of evidence indicating that commercial steam extraction and injection were causing earthquakes, claims that the seismicity was low-level, small- magnitude and did not pose a seismic hazard were made.  Despite these assurances, there is growing public opposition to further development, both of the steam field (unlikely though that is), and of the use of injection to prolong the life of the reservoir.

Figure 3.19 – Effect of injection in The Geysers

3.20 – Plot of average delivery rates for SE Geysers effluent pipe

Figure 3.21 – epicentre maps and cross-sections for NCSN Geysers data for August 1997 to July 1998.

Figure 3.22 – Number of events and total seismic moment per month for NCSN e/q in the Geysers August 1997-98.

3.8 Mechanisms of earthquake genesis at The Geysers
______________________________________________________________________________

Although it is clear that commercial activities and seismicity are related, the exact mechanism of this process is poorly understood.  Mechanisms involving temperature, pressure, volume and reservoir changes have been suggested.  These are summarised in Table 3.5.

Table 3.5  Summary of  seismic induction mechanisms

Method
Reference
Production induced seismicity?
Injection induced seismicity?

Pore pressure increase, lowering of effective normal stress
Hubbert & Rubey (1959)
No
Yes

Shear stress response to volume changes
Majer & McEvilly (1979)
Yes
No

Increase in reservoir strength
Majer & McEvilly (1979), Allis (1982)
Yes
No

Cooling due to extraction & injection
Denlinger (1980)
Yes
Yes

Fracture deflation
Denlinger & Bufe (1982)
Yes
No

Declines in temperature & pressure causing deformation change from creep to stick-slip
Denlinger & Bufe (1982)
Yes 

(unlikely in The Geysers)
No

The Hubbert & Rubey (1959) mechanism shows how changes in pore fluid pressure can trigger rock failure.  Failure occurs when the shear stress exceeds the effective normal stress (the difference between normal stress and pore pressure) by a critical value.  When a rock volume is already near failure, a small increase in pore pressure could thus induce failure. Considering the sub-hydrostatic pressures within the reservoir and the fact that condensate can be injected at zero well-head pressure, previous authors were doubtful that failure could occur by this method (Majer & McEvilly, 1979; Allis, 1982; Denlinger & Bufe, 1982; Eberhart-Phillips & Oppenheimer, 1984).  However, water levels within operating injection wells stabilise hundreds of metres above the well base.  Since the hydraulic pressure of a 100 m column of water is about ~ 1 MPa, and reservoir pressures vary from 1.4 to 3.5 MPa, a column of water several hundreds of metres high would generate sufficient pressure to cause failure by the mechanism suggested by Hubbert & Rubey (1959) (Stark, 1990).

Cooling in response to field-wide steam extraction and localised condensate injection (Denlinger, 1980) could cause a reduction in the normal stress across fracture surfaces so resulting in localised failure.  As it is thought that rocks in The Geysers are close to failure, this failure mechanism seems likely. Long term-injection of fluid may change the rock deformation regime from near ductile (typical for rocks at depths of 3 km and greater) to brittle.  This process may occur in conjunction with the mechanism suggested by Hubbert & Rubey (1959).

Some of the seismicity in The Geysers may result from changes in the shear stress field in response to volume changes (Majer & McEvilly, 1979).  Geodetic studies in the production area have shown that there has been horizontal and vertical contraction in areas of greatest commercial exploitation, supporting this hypothesis (Lofgren, 1981; Mossop & Segall, 1997).  Fracture deflation could cause increases in shear stress, thus inducing failure (Denlinger & Bufe, 1982).  Fracture deflation would increase the shear stress within one crack length of the tip by 33 - 66% of the crack pressure decline.  This mechanism requires a continuous pressure decline to generate a constant level of seismicity.  Before the onset of production, tectonic motion is thought to be due to aseismic creep; afterwards due to stick-slip deformation so causing seismic activity (Majer & McEvilly, 1979; Allis, 1982; Denlinger & Bufe, 1982).  Three mechanisms have been suggested for this change.  First, the transition could be caused by a large fluid-pressure decrease, possibly accompanied by a water-dominated to steam-dominated reservoir change (Allis, 1982).  The Geysers reservoir is vapour dominated, so this mechanism is unlikely.  Second, the transition from aseismic creep to seismic stick-slip could be caused by deposition of silica on existing fracture surfaces precipitated from boiling reservoir fluids, so increasing the coefficient of friction (Allis, 1982). Third, temperature and pressure declines in  laboratory experiments have caused the transition from creep to stick-slip (Byerlee & Brace, 1972; Stetsky et al., 1974), though a lack of cool rock in the reservoir makes this process unlikely in The Geysers.

3.9 Summary

______________________________________________________________________________

The Geysers geothermal area is the world’s largest development of geothermal steam for electrical production, currently supplying 6% of northern California’s power.  The rocks of The Geysers form three geological units: (1) a serpentinite caprock, underlain by (2) a fractured greywacke vapour-dominated reservoir rock, which is heated from below by a (3) heat source thought to be magma. The Geysers area consists of two Jurassic-Cretaceous units assigned to the Franciscan and Great Valley sequences, partially capped by Quaternary volcanics.  The Franciscan assemblage was intruded during the Pleistocene by a composite batholith known as the felsite.  The reservoir, bounded by major fault zones to the north-east and south-west, can be divided into two distinct parts - a field-wide 'normal' reservoir and a high temperature reservoir lying under the normal field to the north-west. Porosity within the reservoir is fracture related, enhanced by repeated episodes of intrusion by the felsite.  Compared to the amount of commercially injected fluid, the amount of natural reservoir recharge is essentially nil.

The Geysers is one of the most seismically active areas in California.  This seismicity is almost exclusively confined to the commercially developed area and has been monitored by a succession of temporary and permanent networks.  The NCSN network, expanded into The Geysers in 1975, shows that the seismicity in the most heavily exploited areas increased dramatically during the rapid development of the resource during the 1980s.  Seismicity is thought to be a result of commercial activity.

In the late 1980s, pressure decline occurred in the reservoir, indicating that The Geysers had become over-developed. Condensate injection is currently used to delay the decline of the geothermal field, using former production wells and pipelines carrying treated sewage from neighbouring towns. This method has limited success, but has induced more seismicity.  50% of Geysers seismicity is thought to be caused by fluid injection, with the remainder caused by steam extraction and tectonic processes.  Since September 1997, sewage has been injected into south-east Geysers by two pipelines.  Although there has been an increase in seismicity since then, most of this is Central Geysers and may not be linked to the pipeline activity.  Several mechanisms have been suggested for induced seismicity.  Currently The Geysers is generating only 66% of its total installed capacity of 2043 MW.  
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