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Combination of this assumption with Fourier's heat-flow law 
yields 

1* = In T L + ^ 
1 

Tu + c A(tL - tu) 

where T L and Tu are the subsurface temperatures at the top 
and the bottom of an interval, respectively, tL and ty the 
sound travel times, and q* is the heat flow. This relation has 
been tested in the case of 10 wells, for which accurate data 
were available. The relation generated satisfactory fits with the 
measured data for siliciclastic and carbonate rocks. The 
parameters a and c take respective values of 1.039 and 80.031; 
heat flow (q*) is expressed relative to the heat flow in the stan
dard well Bolderij-1 in the Groningen gas field Bolderij Unit 
(BU). 

A method for estimating the relative heat flow from bottom-
hole tempeatures as observed during logging operations, and 
sound-travel times from well-shoot in combination with sonic-
log data, has been developed and tested in the Viking and Cen
tral grabens of the UK sector of the North Sea. In this region 
the mean relative heat flow using data from 120 wells is 0.601 
BU, with a standard deviation of 0.055 BU. 

Comparisons of calculated relative heat-flow values in BU, 
with heat-flow values in Si-Units conventionally obtained sug
gests that the Bolderij Unit is equivalent to about 77 mWm " 2. 

JONES, PAUL H., Consultant, Baton Rouge, LA 

Geothermal and Hydrocarbon Regimes in Northern Gulf of 
Mexico Basin 

Effeci of Temperature and Pore Pressure on Velocity and At
tenuation of Seismic Waves in Rocks: Applications to Crustal 
Exploration 

Compressional seismic wave velocities have been used with 
much success in defining structural features likely to serve as 
hydrocarbon reservoirs. Recent advances in data collection 
and processing and, as we will describe, a greater understand
ing of the factors governing wave propagation in rocks in
dicate much additional information regarding the in-situ 
temperature, degree of saturation, and pore pressure may be 
obtained if data are available on seismic attenuation and shear 
velocity in addition to compressional velocity. 

Both velocity and attenuation are strongly temperature 
dependent. In dry sandstones, velocity increases rapidly with 
temperature to 100°C then levels off. Vp/Vj increases with 
tempeature. Shear and extensional attenuations increase rapid
ly with temperature from a Q of about 90 at room temperature 
to over 500 at 225°C. Shear attenuation is less than extensional 
attenuation below 200°C; the opposite is true above 200°C. In 
rock with a small amount of free water, thermal fracturing of 
rocks becomes dominant above 170°C decreasing velocities 
because of the increased porosity and increasing attentuation 
due to additional surface area in contact with water. In partly 
saturated rocks at elevated temperatures (200°C) attenuation 
is high in bulk compression and about half as great in shear. In 
fully saturated rocks, shear attenuation is high and bulk at
tenuation is low. Compressional velocity is greater in a fully 
saturated rock than in a dry or partly saturated rock. Shear 
velocity is less in a saturated rock than in a dry rock. Velocity 
and attenuation roughly follow an effective stress law. 

Geotemperature transients and the phenomena of heat flow 
define the fluid hydrocarbon regime in petroliferous sedimen
tary basins. The redistribution of heat and the thermo-physical 
properties of the rocks are mainly determined by the 
hydrogeology. As the temperature thresholds of smectite 
dehydration and kerogen diagenesis are passed, endothermic 
chemical changes convert solid rock mineral matter to fluids, 
reducing the net volume of mineral solids in each unit volume 
of rock and thereby increasing its porosity. As this occurs the 
pore-fluid pressure rises markedly in response to the loss of 
load-bearing strength in the altered rock. Simultaneously, the 
aqueous solubility of fluid hydrocarbons is enhanced and the 
hydraulic permeability of the altered rock is greatly increased. 
Pore water carrying dissolved hydrocarbons moves through 
the altered rock and into adjacent aquifers, driven by steep 
hydraulic gradients. Subsequently, mass movement of water 
from the geopressure zone to the hydropressure zone migrates 
the dissolved hydrocarbons to traps, near which a sharp 
pressure drop causes exsolution. 

The threshold temperature of smectite dehydration general
ly occurs a short distance below the top of the geopressure 
zone. The 100°C isothermal surface closely approximates the 
top of the geopressure zone, except where water loss from the 
geopressure zone is in progress. At depths where temperature 
exceeds 150°C, petroleum occurrences are rare indeed. The 
abundance of natural gas, however, in both vapor phase and 
in aqueous solution, increases with pressure and 
temperature—and thus with depth—probably as a result of 
progressive natural cracking of petroleum residues in the rocks 
with deepening burial. 

KHARAKA, YOUSIF K., MICHAEL S. LICO, and LEROY 
M. LAW, U.S. Geol. Survey, Menlo Park, CA 

Subsurface Temperatures Calculated by Chemical Geother-
mometers Applied to Formation Waters from Northern Gulf 
of Mexico and California Basins 

Twelve chemical geothermometers based on the concentra
tions of silica and proportions of sodium, potassium, calcium, 
and magnesium in water from hot springs and geothermal 
wells are used successfully to estimate the subsurface 
temperatures of the reservoir rocks. These twelve geother
mometers together with a new geothermometer based on the 
concentrations of lithium and sodium were used to estimate 
the subsurface temperatures of more than 200 formation-
water samples from about 40 oil and gas fields in coastal Texas 
and Louisiana and the Central Valley, California. The samples 
were obtained from reservoir rocks ranging in depth from less 
than 1,000 m to about 5,600 m. 

Quartz, Na-K-Ca-Mg, and Na-Li geothermometers give 
concordant subsurface temperatures that are within 10°C of 
the measured values for reservoir temperatures higher than 
about 75°C. Na-Li, chalcedony, and a modified Na-K geother
mometers give the best results for reservoir temperatures be
tween 40°C to 75°C. Subsurface temperatures higher than 
about 75 °C calculated by chemical geothermometers are at 
least as reliable as those obtained by conventional methods. 
Chemical and conventional methods should be used where 
reliable temperature data are required. 

JONES, TERRY, and AMOS NUR, Stanford, Univ., Stan
ford, CA 

KUMAR, MADHURENDU BHUSHAN, Louisiana State 
Univ., Baton Rouge, LA 

Geothermal Trends in Petroliferous Regions of Louisiana 
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Published literature documents varying degrees of correla
tion between geologic structures and geothermal highs (halos) 
of several petroleum fields. In conjunction with these fields, 
additional structures and associated productive trends have 
been evaluated to develop certain predictive criteria. The 
studies attempted in this regard include structural and 
stratigraphic traps, rollover anticlines, and salt domes with 
productive beds of different ages in Louisiana. 

As part of the characterization of the subsurface 
temperature regime of the regions studied, the following broad 
generalizations seem to be in order: (a) geothermal halos 
observed near faults appear astride the fault, or clearly confin
ed to one fault block or the other; (b) a single geothermal halo 
in a deep section may be overlain by multiple halos, generally 
of lower relief, in shallow sections; (c) geothermal halos 
associated with deep-seated salt domes are located in the 
sedimetnary section on or near the top of the dome, near the 
perimeter or on the flanks. Such halos are not discernible on 
shallow domes; (d) in the interior basin, a salt dome with pro
ductive horizons appears to have a geothermal halo of higher 
relief than those in the vicinity with no petroleum accumula
tions; and (e) even some petroleum traps, created by sedimen
tary facies changes with no distinct structural closures, are 
marked with geothermal haols. 

The observed characteristics of the subsurface thermal 
regimes are generally explained in terms of thermal properties 
of rocks and pore fluids, and fluid migration induced by 
changes in the density, viscosity, and pressure potential of the 
subsurface fluids. 

MAJOROWICZ, JACEK, Geologic Inst., Warsaw, Poland, 
and ALAN M. JESSOP, Earth Physics Branch, Energy, 
Mines & Resources, Ottawa, Ontario, Canada 

Present Thermal State of Western Canada Sedimentary Basin 

The regional geothermal pattern of Western Canada 
sedimentary basin was studied using available temperature 
data from shut-in wells. Average heat conductivity was 
estimated with net-rock data from Canadian Stratigraphic Ser
vices. These data allowed heat flow estimations. 

The geothermal gradient and heat-flow values for the basin 
are exceptionally high in comparison with the other Precam-
brian platform areas, especially in the northwestern part of the 
Prairies basin in Alberta and British Columbia and most of 
southern Saskatchewan. Low-gradient areas are found close to 
the eastern limit of the Disturbed belt of Alberta and British 
Columbia. Neither the analysis of regional conductivity nor 
heat generation of the basement rocks based on U, Th, and K 
data after Burwash explains the heat-flow patterns. Certain 
hydrogeologic phenomena do suggest the significant influence 
of fluid flow on geothermal features. Low geothermal gradient 
areas coincide with water recharge and high hydraulic head 
regions. 

The phenomenon of upward water movement in the deep 
strata and downward fluid flow through much of the Cenozoic 
and Mesozoic strata seems to be the main influence on heat 
distribution in the basin. Analyses of coal metamorphism in 
the upper and middle Mesozoic formations of the Foothills 
belt and in the central Prairies basin suggest that pre-Laramide 
heat-flow distribution was different from the present. It is very 
probable that the Foothills belt had a higher geothermal gra
dient than the central part of the Prairies basin, opposite to the 
present relation. 

MCCULLOH, THANE H., U.S. Geol. Survey, Seattle, WA, 
and MARIE PAVISH, U.S. Geol. Survey, Kennewick, WA 

Limits of Subsurface Temperature and Fluid Pressure Field of 
Commercial Oil and Gas Reservoirs 

The free energies of formation and fugacities of the fluid 
components of an accumulating sedimentary pile are acquired 
largely during geothermal heating of initially cool constituents 
of highly porous sediment. Thermal maturation of organic 
matter, with accompanying release of potentially migrant pro
ducts (CO2, H2O, CH4, and various hydrocarbons), consists 
of a complex of specific burial diagenetic and low temperature 
{< 250°C) metamorphic reactions activated and promoted by 
heat moving upward through the pile. Likewise, the pro
gressive dewatering of a sedimentary pile, manifested in the net 
reduction of intergranular porosity with increased burial depth 
(temperature), reflects another, only partly interrelated, com
plex of thermochemical reactions. Fluid migration is thus a 
dynamic response to induced gradients of temperature, fluid 
pressure, and concentration as determined by routing of heat 
through lithologically controlled nonisotropic arrangements of 
thermal conductivities. Rapid fluid movements along 
permeable pathways may locally influence shallow subsurface 
temperature distributions in dynamic and possibly transient 
ways through convective heat transfer. 

For estabhshing practical limits to investigations of such 
burial changes, paired values of virgin reservoir temperature 
and fluid pressure (T and Pf) were compiled from the interna
tional literature > 700 commercial oil and gas reservoirs. 
Higher-than-average geothermal gradients were deliberately 
sought. The limits of the T-Pf field defined by these points are 
well constrained, and only eight reservoirs were recorded that 
produced commercially at temperatures 175°C. Deep-ocean 
petroleum prospects appear to offer advantageous 
characteristics in terms of the T-Pf field because of the low T 
and high Pf at the deep sea floor. 

MEYER, H. J., Amoco Production Co., Denver, CO, and H. 
W. MCGEE, Consultant, Denver, CO 

Temperature Anomalies Associated with Rocky Mountain Oil 
and Gas Fields 

Over the years, several observers have reported on 
temperature observations which show a particular oil or gas 
field to be "hotter" at the pay depth than the surrounding 
rock at the same depth. Our study of 22 oil and gas fields from 
six states in the Rocky Mountain region demonstrates that at 
least 15 of these fields have positive temperature gradient 
anomalies at the pay level. Nine of these "hot" fields are con
tained in structural traps and six are primarily stratigraphic ac
cumulations. Three of them are gas and 12 are oil fields. 

All of our temperature measurements were recorded during 
drill-stem tests except for a few values from temperature logs. 
Drill-stem test temperatures usually are recorded a longer time 
after mud circulation has ceased in the well bore than are wire
line log temperatures. Therefore, the former generally are a 
truer measure of the formation equilibrium temperature than 
are the latter. 

Speculating on the causes of these temperature anomalies 
over oil and gas fields, we conclude that upward convective 
fluid movement at depth is the most important factor. The up
ward moving fluids carry heat along with them and both heat 
and fluids are trapped whenever suitable trapping conditions 
are encountered in the reservoir rocks through which the fluids 
pass. The main evidence for this conclusion is that observed 


