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ABSTRACT

The publicly availahle database on oil and gas fields in California
pravides a significant and consistent source of information which
can bhe used to cvaluate gecopressurc. A total of 410 pools have
pressure gradients excecding (.45 psiffoot: these arc considered to
be potentially geopressurcd. At least 70 of these have pressures
distinctly higher than predicted by the regional hydrostatic
gradient. und 8 pools are superpressurcd.

Mud wcight records are useful for identifying the top of the a
geopressured zonc in awcll: plots of shale resistivity versus depth
air: used to quantify such zones. A lincar corrclation between
pressure gradient and the ratio of observed shale resistivity to
normal shale resistivity for a given depth, similar to those used in
the Gulf Coast region, is developed. A single correlation is
probably inadequate for the entire State; uthers, which account for
varying geologic conditions, need w be developed. Resistivity and
density logs can be used to develop a correlation which accounts
for the ctteet of overburden pressure.

There. appears to be no correlation hetween geopressure and
elevated temperalure; temperature gradients arc generally within
the normal range. The following modal values were deternnned
from the database of 410 potentially geopressured oil and gas
pools: porosity: 20 - 25%; salinity: O - 10,000 ppm and 25,000 -
30,000 ppm; depth: 0 - 2,000 feet (median value 2,000 - 4,000
feet); thickness: O - 250 feet: and volurnce: 0.1 - 1 billion cubic feet.
The thickness and volume estimates represent hydrocarbon pools
rather (llan water aquifers lying below them; as such, the estimates
represent lower limits. Dissobved methanes content is estimated tn
range from 7.5 to 100 standard cubic feet per barrel.

Conversians from US to SI units arc found zt the end of the
paper.

1. INTRODUCTION

Geopressure occurs when the pore pressure in a subsurface rock
unit exceeds the normal hydrustatic pressure expected for the
depth of burial. Geopressured resources have been investigated
extensively in offshare Texas and Louisiana in the U.S. Gulf Coast,
and pilot prujects have been operating there fur many years tn
produce the geopressured fluid and extract its heat and methane
gas content. As inthe Gulf Coast. geopressured zones have been
identificd in Catifornia as a result nf extensive drilling for nil and
gas. A few authors have described the geologic and tectonic
settings of geopressured zones in California, and, infrequently, the
characteristics of geopressured fluids in a particular @il or gas field
{e.., Berry, 1973; Kharaka et al., 1981; Lico and Kharaka, 1483;
and Price 1988).

A literature search revealed little specific information on either
the occurrence of geopressure in California of the methodology of
its evaluation.  Therefore, the present study systematically
identified geapresssured "pools" (oil or gas-bearing strata in a
particular held) using published data compiied by the California
Division of Oil and Gas (CDOG) from mnrc than 15(,0X) nil and
gs wells in the State (CDOG, 1982, 1985 and 1991). The
geopressured intervals inwells which penetrated those pools were

then identified using several methods. and the amount of excess
pressure was quantified using well log analysis techniques. The
existence of a pusitive correlation between elevated pressures and
elevated temperatures was also investigated. Several parameters
which characterize the resources werc statistically cvaluated for the
entire State-wide database, and estimates werc rnade of dissolved
methane content

For convenience, the il und gas fields were grouped using a
somewhat arbitrary geographic division based on the regions
shown in Figurc 1. Location, initial static pressure. average
temnperature, net thickness, areal extent, porasiy and salinity data
from each pool in each ficld were entered into a computer
database, Data Froma total of 975 pools were examined, with the
pools being divided by gcographic arca as follows: 98 in the
northern Sacramento Valley; 122 in the soulhern Sacramento
Valley; 37 in the central San Joaquin Valley; 212 in the
southwestern San Joaquin Valley; 224 in the southeastern San
Joaquin Valley; 20 in the Salinas Valley; 78 in the Santa Maria
Basin; &R in the Venture Basin; and 96 in the Los Angeles Basin.
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Figure1: Oil and gas producing basins and distributionof
potantially geopressured pools in California
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2. IDENTIFYING GEOPRESSURED POOLS

For cach geographic rcgion, the initial static pressure: of each poot
was plotted versus pool depth, and the hydrostatic gradient wes
determined by force-fitting a straight line between the origin (zero
pressurc at zera depth) and the data points {e.g.. Figure 2).
Hydrostativ gradients were found to be 0.4 - 0.45psi/foot, within
the normal range. All points lying between the hydrostatic
gradient line and the lithostatic gradient linc represent"potentially
geopressured” prols. In each area, there werc several "distinctly”
geopressured  pools, with pressures significantly shove the
hydrostatic line. Points lying above the. lithostatic linc rcpreacnt
“superpressurcd” pools (Figure 2). While geopressure can be
ascribed to rapid cornpaction of shales and consequent entrapment
and thermal expansion of exc¢ess water within them, supcrpressurc
can only bc caused by tectonic stress.
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Figure 2: Example of a depth vs. pressure plot far oil and gas pools

Of the Y75 pools investigated, 410 (42%) were found to bc
potentially geopressured, 70 were distinctly geopressured and ¢ight
were superpressured (Table 1. The percentages shown in Figure
L represent tht potentially geopressured pools in each basin: the
dots indicafe the Jucation and numher of these pools.

3. GEOPRESSURED ZONES IDENFIFTIED FROM WELL
DATA

Once a distinctly geopressurcd pool was identified in the. manner
describcd above, individiial well data were sought fimm the CDOG
archives (o see if geopressured zomes could be identiticd in
individual wells. Drillstem tests, mud rccords and well logs can all
be used for this purpnose. Very little drillstem test data were
available; such tests are typically conducted only at a few discrcte
depth in a given well. Although it is possible that me of the
depths may correspond fo a geopressured zone, drillstem tests are
not, by their nature, adequate for vertical definition of geopressure
in a wrll. Therefore, the other two methods were invcstigated
more thoroughly.

Mud records are useful for identifying geopressured zoncs if a plot
of mud weight versus depth is rnadc (Figure 3). For safety
reasons, the driller increases the mud wight upon encountering
a genpressured zone so that the pressure of the column of drilling
mud in the well exceeds the formation pressurc. Unfortunately,
the mud records do not reveal how "overbalanced” the mud is, and
it is impossible (o determine the exact pressure of the
peopressured zone. Another drawback in using mud records o
quantify geopressure is that once the mud Wright has been
increased, it cannot be decreased again until the geopressured
zunc has been cased off. Therefore, only thc top of the
uppermost geopressured zonc can generally he identified from
mud weight rccords. The top of a geopressured zone is indicated
at a depth af 7,000 {ect in Figure 3.
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Table 1 Hydrostatic Gradients and the Occurrence of Geopressured Pools

; Number | Humber of | Number of
H‘"“;‘" of O Distinutly Potentialiy P;;P'P’:'Iaf”
Aegion G:a:il:nt and 60- Geo- Ga:»
ipaifft} F‘%:I's p“’““'fd "F',::T:!“.d pressurad

Northern Q.45 35 13 88 873
Sacramente
Vallay
Southern 0.4 122 6 3] £8.8
Sacramento
Vallav
Cantral San 0.24 37 4 20 4.1
~OBgUIN
Valiey
Southwestern 0.43 212 7 &8 41.8
San Joaquin
Valley
SouTheasirm 0.43 224 10 55 24.8
San Joaquin
Valley
Salinae Vallsy ¢.40 20 a [+} o
Santa Marin C42 78 a 19 24.4
Easin
Vantura Besin 0.44 88 18 38 43.2
Lag Angeles 0.44 EL g 55 57.3
Bagin

*Bagad on plots like figure 2.
* *Prassure gradiant =045 paiif1

Where gcopressure is known to oceur in the Gulf Coast region,
plots ot shale resistivity versus depth are made, often as the well
is drilled, to identifv zones of high pressure. An cxample of such
a plot is shown in Figurc 4 A typical geopressured trend on a
resistivity versus depth plol is a sudden increase in gradient (in the
aver-compacied shale above the geopressured zonc) followed by
a drastic resistivity decreasc (in the geopressured zome itself).

Nocmally pressured shales have increasing resistivity with depth,
as would be expected because of their increasing degree of
compaction and decreasing water content. However, geopressured
shales have lower resistivities because of their increascd water
content (f.e., the excess water trapped during hurial). When the
drilling cngincer sees a sadden increase in shale resistivity
gradient, the mud weight is increased in anticipation of penetrating
the geopressured zone. [In some cascs, shale resistivity may
increase bclow the zone until narmaj shale resistivities are again
encountered; i this case, unlike with mud records, it may be
possible to identify the top and bottom of the zonc. It is also
possible to detect multiple geopressured zones in a single well
using this method.

There was no indication in th¢ litcrature that the shalc resistivity
versus depth plotting technique hid hren applied 1o geopressured
resources in Californiz. The differcnce in geologic environment
between the Gulf Coast and California (highcr tectonic stress and
the disturbed naturc of the sediments) may present same
limitations. Other problems with this method include difficulty in
sand-shale discrimination, and poor log quality. However, as can
be seen in Figurc 4, it is possible to identify geupressured zones
using this method, and the results compare favorably with those
obtained from the analysis of mud weights.

Figurcs § and 6 show another example of mud weight and shale
resistivity versus depth plotting to identify a geopressured zonc in
awell in the Kettleman North Dome oil field in the San Joagquin
Valley. 'I'hc shalc resistivity plot indicates that the top of the
geopressured zone lies between 10,600 feet and 10.800 feet; the
mud weight records indicate that the zonc is about &) to &M
feet deeper. Although the available data dn not reveal the cause
for this discrepancy, a plausible explanation is thar the driller did
nut increase mud weights until after the well had cicountered the
transition zone and was alrcady producing fluid.

Density, neutron and sonic logs could aiso bc used to identify
geopressured zones in a similar way. However, such logs are
generally not found 1n the public archives and we were unable to
thoronghly investigate their utility.
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Figure 3 Mud weight vs depth. Arbuckle well Section 4 Unit 1
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Figure 4: Shale resistivity vs. depth, Arbuckle well Section4 Unit 1

4. QUANTIFICATION OF GEOPRESSURE FROM
RESISTIVITY LOGS

Quantification of geopressure is an important step toward
evafuating (i magaitude o geopressured resources in Califoreda.
There arc several well known correlations between pressure and
shale resistivity which have heen applied cxtcnsivcly in the Gulf
Coast. We review those here and attempt tu develop a correlation
appropriate to the geologic environment in California.

For well data collected in the Gulf Coast region, Hottman and
Johnson (1965) showed that the pore pressure gradient (p/D} can
be correlated to the ratio of the observed shale resistivity {R,,) to
the normal shale resistivity {(R,,,) at any depth in a well. R, is
determined from the trend on the shale resistivity versus depth
plats. The Hnttman-Johnson corrclation is:
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Figure 5; Mud weight vs. depth, Kettleman North Dome well 423
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Figure 6: Shale resistivity vs. depth, Ketilaman North Dome well 423
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For anormal {i.e., non-geopressured) shale. R, /R, = 1: therefore

p/D = 0.465 psiffoot, the normal hydrostatic gradient for the Gulf
Coast reginn.

Lane and MacPherson (1976) developed a similar correlation
hased on newer data The Lanc-MacPherson correlation is:

_ R,
pID = 0465 + 0519 lli == J 2
sha
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Lanc and MacPherson (1976) also pointed out that correlations
(1) and {2) could be improved if overburden stress could b
accounted for. Based on vstimated overburden gradients (g,) from
density logs and gravity data. they pruposed that:

Ko ] (3)
R.dm

S

PID = 0465 1 mll .

where 0.590when .95 <g < L0 or
0.550 when 490 < g, < 0.85 or

m
m
m (.509 when 0.85 < g < 0.80.

Eaton (1972) also incorporated the overburden gradient and
proposed the toilowing correlation:
N 418
piD= g, - 0535 R

i sAn S

4

Equation (4) fits Hottman anti Johnson's database fairly well. It
should be noted that fur a normal Gulf Coast formation, g, = 1
psiftoot and R/R,, = [, giving p/lD = (.465 psi/faat, the normal
hydrostatic gradicnt in the Gulf Coast region.

The methodologies and the correlations develeped for thr Gulf
Coast arc not directly applicable to the California reservoirs for at
lcast two reasons:

» All of thc correlatioms imply a nurmal hydrostatic gradient of
(1465 psiffuot, whereas the range of hydrostatic gradients for
all the California regions studied has been tound to he 11,40 tu
0.45 psijffect.  FPhe lower salinity of fornmation waters in
California result in a lower hydrostatic pressure gradient.

= The correlations discussed gybuve do nottake into account the
effect of tectonic stress, which is present in many parts of
California.

Thesefore, we.have attempted to develop appropriate correlations
between pressure gradient and shalc resistivity ratin for Califurnia;
some preliminary results are presented below.

Our first attempt was to devclop a corrclation similar to equations
(1)and (2) above. [deally, because of differing geologie conditions
(particularly the natural variation in tectonic stress), separatc
vorrelations should be developed for cach of the differcnt
sedimentary dasins shown on Figure 1. However, the realities of
project budget allnwed us tu develop only a single correlation
covering all the regions studied using the limitcd number of well
logs studied to date. [t should bz kept in mind that such a
corrclatinn is not expected to be very accurate.

Figure 7 is a plot of the R, /R, ratio versus p/D for a few wells
known to cncounter geopressured zones in California oil and gas
fields. Shale rsistivity versus depth plots similar to Figures 3 and
6 were made for each well, and the. R,/R,,, ratios were estimated
for each well. The p/M valucs were obtained from actual pressure
measurements (such as drillstern test data) or estimated from mud
weight records. Figure 7 also includcs a normal pressure point for
pure water (point ¥) represented by R, /R,,, = 1 and an average
hydrmstatic gradient of 0.44 psi‘foot.

The data points in Figure 7 have been force-fitted to a straight
linc passing through the normal pressure point. Data points 2 and
5 on the plot are known ta represent questionable log data, The
remaining data points scem to define a linear trend, from which
onc can derive the following correlation for California in the
manner of equations (1) and (2):
o i Ry,
iD= 0440 ¢ 0511 [1 -t

sz

5)

Wec consider this cerrelation to be tentative and hope to refine It
ty further log analysis. It may be useful to develop scparatc
correlations like equation (5)for each major region in California,
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Figure 7: Pressure gradient vs, shale resistivity ratio For California
oil and gas wells encountering geopressured zones

and separate correlations for several ranges of overburden
pressure. foltowing the approach of Lanc and MacPherson (1976)
in equation (3).

5. GEOPRESSURE - TEMPERATURE RELATIONSHIP

Interestingly. the CDOG data indicate no correlation betwecn
geopressure and elevated temperaturcs. Elevated temperature
pradients near geopressured zomes in areas uf rapid sedimoentation
(such as the. Gulf Coast) occur because geopressurcd lenses
contain excess, pore water (which could not be expelled daring
deposition and burial) and are therefore poorer heat conductors
than the surrounding medium. However, plots of temperature
versis depth for all pools in the California databasc yielded
normal temperature gradicnts in the range of | 1o 2°F per 100
feet. This may be an arlifact of poor measurements; a well may
nat hzve been fully heated when temperatures were measured, or
the reported temperaturc was measured at a levei higher than the
ponl depth.  Alternatively, It is possible that geopressure in
California may be a result of tectonic stress; in this case. the rapid
burial mcehanism wuuld not apply.

In an attempl to determine it the pool data was too gross to
identify a positive correlation between geopressure and elevated
{emperature, maximum recorded temperature data frnm wo wells
know to have encouniered geopressured pools were plotted
veysus depth. Figure 8 shows the temperature data trom the same
Kettleman North Domc well uscd abowe:; the data from this and
several other wdls drilled inte geopressured zones indicate no
steepening of temperature gradicnts above the geopressured zone.

6. INVESTIGATION OF OTHER PARAMETERS

The CDOG database was uscd to further assess the nature of
geopressured pools in California in terms of porosity, salinity,
depth, thickness and volume. Plots of cach of thesc parameter5
versus pressure gradient did not yield any readily apparent
significant trerds; therefare, plots of statistical distribution were
made Tle nced Fur a statistically significant database ncecssitated
the use of the 410 "potentially” gcopressured pools rather than the
70 'distinctly' geopressured pools. Distributions of parameters of
potentially geopressured pools wers cornparcd with thosc from all
975 poonls; for all parameters, the shape of the geopressured
distribution was similar tc that fur all pools in the database,

The database included average porosity values for 878 nools, 380
of these being potentially geapressured, As mentioned above, the
gcopressured data sct wus found to have the same statistical
distribution as the entire data set, with modal porosity in the range
of 2F to 25%. Salinity data wcre available tor a tolal of 424 pools,
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172 heing geopressurcd. A bimodal distribution was observed in
both cases, with modes of O - 100110 ppm and 25000 - 30,000
ppm. These ranges are at lcast an order of magnitude lower than
the Gult Coast, wherc salinity typically exceeds 100,000 ppm. The
implication of lower salinity is that the solubility of methane
should be higher (Kharaka e: o/, 1981). This is discussed further
betow,

The depth range for geopressured poals in California is 1,000 to
18000 feet, with u modal value uf ahout 3,000 feet. This implies
that drilling costs should he significantly lower than the Gulf
Caust, where depths to gecpressured zones typically cxeced 12,000
feet, Geopressured pnols in California appear to be relatively thin
(modal thickness less than 250} feet, with a distribution highty
skewed toward the thin end). However, it is the thickness of the
hydrocarbon producing zcnes which have becn evaluated; the
geopressurcd watcr aguiter underiying the oil-water or gas-water
contact may be considerably thicker. Therefore, it must he said
that a statistically significant databasc on the thickness of
gcopressurcd aquifers in California has not ¥ct heen devclnped.

The same can he said fur geopressured resenair volume.  As with
thickness, volume caiculations are bawd strictly upon the thickness
and reported arcal cxtent of oil and gas pools rather than the
geopressured ayuilers. However, tlir available data. which indicate
amodal value of 0.1 to 1.0hillion cubic feet, may present a lower
volurnc limit. An incrcasc of one or two orders of magnitude for
geopressured aquifers may be appropriate.

7. METHANE CONTENT

The relationships  between methane solubility, pressure,
temperature and salinity are well known (Culberson and McKetta,
1951; Brill, 1973). Using the correlations developed by these
authors, the range of dissulved methane t¢ be expected in
California geopressured pools can' be estimated~ The presenr
study suggests that gcopressurcd pools in California have a
teinperature range of 70 w0 420°F (assuming a 00°F ambicni
temperature) and a pressure range of 1,000 to 18,000 psi.

Using the temperature/fressure correlation with methanc solubility
from Culberson and McKetta (1951), we estimate a dissolved
methane content of [ to 100 standard cubic feet per barrel
(scf/bbly for purc watcr at tho tcmpceraturc and pressurc ranges
listed above. Fur the salinity runge of (0 1o 50,004 ppin, the Brill
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{1975y data sugpest that methane solubility should be 73 to 10096
of that expected in purc water. Therefore: dissolved methane
could range from 7.5 to 100 sct/bbl. I'he mast important variable
controlling the amount vf methane is pressure, wliicli. because of
its depth relationship, indicates that deeper pools should have
higher mcthanc contcnt.

3. CONCLUSIONS

There appears to be considerable geopressurcd resource potential
in the State of California. The mechanism uf its {ormation is a
lcast partially related o tectonie stress, whereas inthe U.S. Gulf
Coast re:ginn, genpressure results from rapid sedimentation and
burial. This conclusion is supported by the lack of a positive.
correlation between elevated pressure gradients and elevated
femperature gradients. as well as the cxistence of superpressure in
several pools.

Distinctly geopressuced nil and gas pools are identified in all of
the major hydrocarbon-producing basins except the Salinas Valley.
It is highly likely that geapressure may he found elsewhere in the
Statc; hiwevez, the coincidence in location with il and gas fields
is favorable because rhe initial use nf geopressurcd fluids may be
in secondary oil recovery uperations.

Cirtain modal characteristics have heen identitied using the
database ot all of the potentially geopressured pools (those with
pressurc gradients exceeding 0.45 psistoot).  Among these are
relatively shallow depth, high porosity and low salinity. The latter
is tavorahle for methane solubility, and suggests that methane may
be present in ¢conumic quaritities. Only lower limits on thickness
and volume could be cstimated however, these limits indicate that
a significant geopressured 1esouree hase exists in Califinia.
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SI Metrie Conversion Fnctors

foot x  0.03048 =m
X ==

foot? 2831 x10% = m?
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