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TEPMHUYECKAHA CHEMKA B HESTETAIOINOMCKOBOH
CTPATETHH '

FaoBadbsoe HIySekte TENAOBWE HOTOKOR, HAYENX W) Jesmmwx wenp, ® ofofiiemwe DeEmEX
O FEOTEpMHUECANY PPAZEEETER BOATREQMAANKT FHAOTEdy O ToM, 4TO ooagodeme Saccefmw
B OWECTORIGMASIHA jeedTd W raiza, roe HalemAseTcA FOWACHEKSE BOCXOOAMNS BepTHRDSRHE
ApHpOSMER TERSOMECCONEPEROC, MOryT OMTh 3K J0RAMH HaWSomDef KOELEHT[AdHE 53-
pacon nediTi o rada, TAK M MecTaud HE mawfonewel podeqil Heooseaopamhe TepMpuecsod
cresin o Herayfogmx | =00 w) ropuwx sepafoTeaxy L8R KapTHPODEEKA STHX 30K B MECT
M3 cylg M B MOpE ropaiko pdorTronee, YoM GHUAREE TEPMOMETPHH FAVODREX CKEBQMCEIL
Pesyastavid Toxofl CheMEN MOIDOASKT JEANKTEABHD ONTHWHIHPOBETE TAKME XOANSECTSEN-
i gNpeicAcERA e TETAAOrENERHPYICUIETD DOTEHILNAAS OCAOOMHMWE MOPOL, w10 ocodedso
B DI FCHCKIE NETE I Fa30 O cnalo HIVYEHHKY, OTIAMEHHNE BAL TRYANG EGOTy L
PEFRCIIZE

Ewe o 1972 r, X, [, Koeusg o56patuy DunMonse Ha CORIL MERIY BECOKHME FeOTeD-
MHSCCHIMN FPaiiceHTasy 0 BERCOKMME YPODIEMI TEANODOrD AOTOKE HS BHYTPEHmER wactTl
3eMin ¢ MHPOSKM PRIMCUIEHHEM FREANTCKEX WECTOpOMAENN medTa W rasa. Apunss ppu-
pepayn wpaswrch Jloc-Anasenecckri {CIUA), Bescunll g Apasnitcxko-Hpancsuf Gacced-
BB, Koaoccamehad macuans Coserchoro Cowosz [ocoféswnc Baxmescend paflom), peasta
pr. Muccicine W TpH HEAGHEIfickkx HedTesobupaaikx ofascTe-Gaccedus, Oguano sra
CONIL O RBANETCR CAnGabpoaoR, DNOCHONLKY QEHE 0 CHALIED NPOrpeTax S&ccefimax Tel-
AUOCE TOAR HANOMERICT THOJANHY® W3 FOPAYHE B S0J0AHLWEX YYACTHOE, O 98M CHHESDEM-
CTEYKIT ABIUWE MIEHTHN  ACCARSOBETENE], B TOM YRCAE cobetei® — B, M. Apresesico,
KX A. Banakwpoos, B, M. Bepeaswnn, B. @ Bopascesxona, H, I'. Boawosa, T, [, Tems-
Gypra, M. A Knpmsexa, A A Kyuspess, K. T1 Maeacesuworo, B, T, Ocagsers, B, 01, [Ta-
anengn, H. Sl Cokoapeexore, J1. H. Xpedrops.

Hayyats TENJoBDe BOA: © NOMOLIbLSY TEQPMOMETPHH FAySOrly CHHIEHE Dopome, Sobhe
e, Clidatleee H o Medee SQlMERTHDHG, dex  BerayboRHs  (l=—10 wm) TepamodddmEponaimgs,
HENONLIYVIULNM KOACAUW, Wyppw, KApTHpORDSHOSe SYPRHHE, CEDBMHHE Amn celowowspa-
non, TAE KOE YECHANYTOS A0IAHPOUANEE AOGUOGARET COJAATL Eandomes FYCTyR H ApEACTE-
BHTERLIFYS) CETL TOUER 3BMeDE TEMReDATYPLE € PACCTONIHEM MEMIy junie wmenes [ oue,
Sro ocobEg BEMOD TAA cAafo HIYHEHEWR H TPYARD EBDCTVRIHE PRROHOD CYM 0 UPERL-
8, AAH KOTOpM EeDlXoiHuo ofechcwlith ROSNROTEpHO-CTZTOCTISECKNNl aBamI3 WaTEpIa-
AGD W NAEEHIYD  ONPEARNNTE  EIMAKTS  BOpIAUER  TORAOBCTG NOAE NPE cpaBMREILl
C APYMIME XOPOWO NPOrpeTLME BAGILAIAMH, XBpakTepusyowMsncy Goratod wepreraao-
BECUBCTRIS A,

Flecaggaganme NPUNCOCPEHGSTILE TENTEPATYP OGBS elde oAU npedaywecrec. Co-
rA2cHn daanks TEAACMICCHCPENGEd, TEnsnol AOTON, HAUHHIIOWHAcH Ha rayOwse, pasiod
NECKOALEH S KITOMITRAEM, H HAYWHE DESPE OO CHOPOCTLIO OkoAD | e8/ToN, Moser ovetio
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BECORGA AeluTHOCTIOE CHOBEAE B Oomce bucokau Eoedfenienron eedreorasai, [Jaiss
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THERMAL ENVIROMMENT OF HYDROCARBON DEPOSITS

In March of 1972, a conference eniitled, «Petroleum and Global Tecto-
nics» was held at Princeton Universily. At that conference, H. D. Klemme
(1975) pointed {o a relationship beiween high geothermal gradienis and
high heat flow (the flux of heat from Earth’s interior) and the worldwide
lacation of giant oil and gas lelds. Among Klemme's data (Fig. 1}, the
contrast in oil production befween the Los Angeles and Ventura basins of
California was noted with significanily higher geothermal gradienis
{Fig. 2} observed in the more productive Los Angeles basin, Similar find-
ings were reporled for the Vienna basin in Europe, three Indonesian ofl-
producing basins, a vast area of the Soviet Union and in detail for
the Baku area, the Missizsippl della, and the pelroliferows Arabianf/Ira-
nian basin,

In Fig. 3. all of the examples combined indicate greater hydrocarbon
recovery in basins wilth higher geolhermal gradienis. This is obvious by
comparison of fype | interior basins with predominalely higher heat flow
iype 6 and 7 intermoniane basins. One high geothermal gradient type
2 basin is estimated to have more than twice the hydrocarbon recovery
al 12 low to normal type 2 basins., The two high recovery della areas are
classified geothermally nmormal; however, higher i{emperalures are ob-
served in the overpressured prodiuciion zones. From the examples, it
might be inferred that higher regional geothermal gradienls may enhance
oil generation and sccumulation. OF course, temperature can be a double-
edged sword in that too much can. desiroy hydrocarbons; however, some
favorable overriding mechanism must prevail in order to explain Klemme's
relalionship.

One explanation put forth by H, D. Klemme was that higher geo-
thermal gradien{s would favor oil and gas generation al shallower depths,
where less compaclion and more sediment porosity would favor lhydro-
carbon accumulation. Regardless of the exact mechanism, il seems [rom
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Fig. 1. The comparisan ol oll reserves

Fig. 2. Distrihution of lemperafure zones in sedimenlary basing, California
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Fig. 3 that exploring for oil and gas in regions of higher geothermal
radient and heat flow should result in improved success. However, in his
inal remarks regarding the Arabian Gulf, H. D. Klemme noted the fol-

lowing, «..as the ceniral Iranian massif or nuclear area iz approached,

low gradients with lecal "hot spots’ are preseal. Prolilic production in
the Arabian/Iranian basin is associated with relalively high gradients;
however, just as much or more produclion is associated with low gradi-
ents» He concluded that, «..temperature does not appear to be the prin-
cipal factor in the world's grealest producing areas», ] . . )

H, D. Klemme characierized the geothermal gradienlt field in this
part of the Middle East as containing & mixture of high values (as for
the super giant Ghawar field, Saudi Arabia) inferspersed with normal
and low values, exhibiling a high degree of variability over relatively
small lateral distances., Mote thal in addition to the higher geolhermal
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gradienis found in the Los Angeles basin compared with the Veniura
basin (Fig. 2) there is also more lateral variability in the gradients.
The general observation that thermal dala from areas of high heat
flow and high geothermal gradient exhibit higher variabilily or scatter
is well documented. Fig. 4 (above), for example, is a plot of heat [low
versus seafloor age for the northwest Atlantic Ocean (Embley et al.,
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Fig. 3. The relalionship belween the basin lype, geolhermal gradient and petroleum

fecavery
* Unknown —no dela on geolhermal gradieni. In bracks — estimaled recovery

1983). The solid curve is ihe theorelical conduclive heat flow which
exhibits higher values ai younger ages when lhe rocks of which ihe sea-
floor is comprised are closer io their initially near-molien temperalures.
(The symbols plotted in Fig. 4, above, are the mean heat [low values
measured in the age range indicaled by the horizontal bars.) The range
or scaller of observed heat flow values for each age group is indicaled
by a verlical bar. Note the tendency for higher observed values at younger
scafloor age; however, individual values and even means can oflen f[all
much below the theoretical conductive curve. Equally important is the ten-
dency for a large range or scaller of observed values within he younger,
higher heat flow provinces, Thus, the degree of scatter in heat flow (or
geothermal gradient) can also be diagnostic of a high heat flow province,
The ubiquity of the phenomena just described can be seen in Fig. 4
(below) which shows a compilation of heat {low data from Europe (Chap-
man et al., 1979). Hence {he example of the Arabian Guli (discussed
earlier) may not be coniradiclory lo Klemme's thesis.

The underlying cause of the scaller in marine heat flow values necar
mid-ocean ridge crests has been lhe object of much invesligation and
it is now widely accepted that hydrothermal circulation in the oceanic
crust (Langseth, 1980) is responsible. Moving waler can effeclively re-
distribute heat by convection and transport that heat direclly lo the over-
lying seawaler, thereby escaping delection by the heat flow measurements.
While the circulation itself has the ability to create local highs and lows
in the heat flow if subsurface walers and viable palhways are available
for movement, convection is more likely to occur in high heat llow pro-
vinces. Therein lies an alternale explanation for Klemme's global corre-
lalion of high heat flow and hydrocarbon produclion. The possibility
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that fluid circulation, an apparent manifestation of high heat flow areas,
confributes to the glabal correlation received reinforcement by P. T. Fow-
ler (1980) who described the effect of moving groundwater on the distri-
bution of hydrocarbons in a sedimentary basin. Emphasis was placed
on the role of waler in mobilizing hydrocarbons, which would otherwise
remain disbursed throughoui a basin, and focusing them into discrete
commercial accumulations. The moving walers would produce large
lateral variations in temperalure which coold be used in P. T. Fowler's
awn words for, eielling live basins from dead oness.
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Fll'ﬁ. 4. Features of heat [low In North-Wesi Allantic (o) and Europe (b}
SM — Saamian; B/ — Belmorian; K — Karellan: EEP — East European Phiform; € —

Caledonian: TD — Tersk depressien; M — Hereymian, Q0 — Oslo graben; A — Alping

P, T. Fowler's rendilion of the hydrothermal effect upon hydrocarbons
wilhin a producing basin, in lerms of scale, forms a bridge between
the global association pointed o by H. D. Klemme (1975) and the indi-
vidual hydrocarbon-bearing trap. Il slands o reason thal given Fowler's
theory, the second esseniial ingredient for hydrocarbon accumulation ig
1he existence of hydrocarbon (raps zlong the flow path. A likely example
of this (Beck, 1929: van Orstrond, 1934) is the 5alt Creek Tield in
the Powder River basin, Wyoming. an anticlinal structure with associated
near vertical faults, The presence ol surface hydrocarbon seeps (Mallory,
1949) over the siructure scrves bolth as evidence for vertical fluid mig-
ration and for the facl that the {rap does not form a perfect seal. A dy-
namic fluld system is, furthermore, required lo explain the coineiding
positive thermal anomaly indicaled by an upward bow in the B0°F
isolhermal surface. This physical example strongly supgesis the possi-
bility of using surface thermal measurements fo study verlical migration
which, according o J. M. Hunl (1980}, is particularly important for in-
terpreting surlace geochemical anomalics which are used as bolh regional
and local indicalors of subsurface petroleum accumulations.

The associalion of lemperature anomalies wilh hydrocarbon fields

has Tor zome time become subjecl matler for Soviel textbooks and mono.
graphs (Borzasekev, 1969; Balakirov, 1970; Ginsburg, 1973; Volkov et al.,
1981: Eremin, 1982). N. G. Volkov et al. {198]) for example references
len fields, located in the Ukraine, represenling oil, gas and mixed pro-
duction all from Upper Paleczoic siruclure of varying dimension and al
depths greater than 2,000 m. The temperatures measured at 14 m depih
show varying amounts of agreement with production. In somewhal more
detail, A. 1. Khrebtov (1960) published resulis of an areal study of hyd-
rocarbon entrapment on the flank of a posilive siructure with a clearly
associated temperature pailern present in measurements made 250—
270 m above the structure.
. The foregoing examples main[ir involve structural ftraps. While
examples of struclure relaled thermal anomalies appear more numercus,
V. M. Berezkin et al. (1978) reference a well delined thermal anomaly at
100 m depth associated with an oil bearing stratigraphic trap with pro-
duction at 1000—1200 m.
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Using drill-stem test temperature data, H. J. Meyer and
4. W. McGee (1985) studied 22 oil and gas fields from six states in the
Rocky Mountain region of the U. 5. Of the 22 fields studied, 15 had well-
jefined thermal gradient anomalies which coincided areally with produc-
ive zones. [nclujtd were 3 gas fields and 12 oil fields, 9 structural traps
and 6 stratigraphic traps. Of the remaining T [ields, 5I'n'trt_p_ﬂ5.5.i.blt hot
inols and one was inconclusive, all resulling Ifrom insufficient rather
than negative data. The authors uu;gesttd the most likely explanation in
lerms of vertical fluid migration. Furthermore, they showed that had it
peen possible to map zones of the highest quartile geothermal gradient
(or heat flow) prior to drilling, initial roducer to dry hole ratios would
have doubled simply by selectively drilling these areas. Such deep bo-
rehole measurements are often useful in understanding the processes at
work in developed areas. From the logistic and economic standpoint, ho-
wever, they are not a viable teol for frontier exploration. _

An example of a temperature anomaly detected at 1.2 m depth in the
floor of the Caspian Sea, Baku area, USSR (Ariemenko and Malovitskiy,
1977). Oil and gas production occurs at about 5,000 m and is associaled
with a faulted anticlinal structure similar to that of the Salt Creek lield.
A study by V. G. Osadchiy et al. (1978) with shallower (500 m) produc-
tion depths, resulted in a 1°C temperature anomaly measured at 1.5 m
depth. It was correlated with a near-surface geochemical anomaly, (re-
duction number) which relates to hydrocarbon gases in the surface soils.
V. 1. Artemenko and Y. P. Malovitskiy (1977) and V. G. Osadchiy el al.
[IEI'TBEl both report 0.5—1.0°C temperature anomalies at 1.2—1.5 m depth
over hydrocarbon bearing structures. The increase in local heat flow re-
guired to cause such an anomaly can be estimaled al eight-fold, assumin
a sediment thermal conduetivily of 0.002 cal/°C-cm-s. The exislence o
such an anomaly related to deep structure implies upward conveclive he-
at transport by fluid flow. As for the Salt Creek example, a totally con-
ductive explanation, given the absence of shallow magma, can be cale-
gorically ruled out. _

Another example of eshallow probes measurement illusirates the va-
riation in relative heat flow values (made to 3 m depth) over two hydro-
carbon producing fields in Tierra del Fuego, Argentina. The high in rela-
live heat flow coincides with positive basement structure where the hig-
hest density of basement faulting is observed (Zielinski and Bruchhausen,
1983). As for V. 1. Ariemenko and Y. P. Malovitskiv (1977) and
V. G. Osadchiy et al. (1878) temperatures at 1.2 m were génerally found
to be 0.5—1.0°C higher over the field. The measured heat flow anomaly
of nearly ten-fold must again be explained hr vertical fluid migration.
The most plausible source depth for fluid upwelling in this area is 1.5 ki,
which requires a flow rate of 5 cm/yr upward along basement faulis io
produce the observed heat flow anomaly. For the Magellan basin as a
whole, based on deep well thermal measurements, the identical flow rate
of 5 em/yr was calculated for llow from deeper in the basin into the hyd-
racarbon rrwlnce. Burial history estimales of hydrocarbon generalion
(Waples, 1980) supported more than 100 km of lateral hydrocarbon mig-
ration in the Magellan basin. This migration was further required to
at a rate sulficiently close lo the flow velocily derived from the thermal
models to rule out hydrocarbon transport by aqueous soluability (Zielin-
ski and Bruchhausen, 1983).

It was subsequently learned that geochemical analysis of cils from
the Magellan basin reservoirs by Deminex (Federal Republic of Germna:
ny) supports the long range m'agr.u.liun called for by G. W. Zielinski anc
P. M. Bruchhausen (19 {G. J. Schrayer, personal communication)
Despite the limited number of measurements presented in G. W. Zielin
ski and P. M. Bruchhausen (1983), the study serves lo illustrale the use
fulness of shallow land-based heat flow measuremenis in frontier areas
In addition, it emphasizes the abilily of such studies to impacl problem:
in petroleum geochemistry.
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. A second and larger suite of relative heat flow measurements was
obtained by G. W. Zielinski et al. (1985) across a segment of the Wes-
tern Owver-ihrist Belt, traversing the Whitney Canyon and Ryckman Cre-
ek liclds. These measurements, made in seismic shot holes up to 100 Tt
deep, were indicalive of the applicabilily of the lechniques 1o environ-
ments with much higher topographic reliel and more varied lithology and
groundcover than in G W. Zielinski and P. M. Bruchhausen (1983). Op-
portunity to remeasure stations in different seasons, furthermore, confir-
med the repeatability of the measuremenis. Comparing the variation of
these measurements with the heat flow acroes the Galapagos Spreading
Center, an established marine hydrothermal area (Willlams et al., 1974),
led G. W. Zielinski et al. (1983) to rﬂsiuhte transport of heat by moving
groundwater, Comparing the heat flow trend with the subsurflace geolo-
gic structure revealed that two relative heal flow highs could be corre-
lated wilh major faulting associated with the {wo hydrocarbon produc
ing structures. Az in the %ult Creek example, the faults could be channel-
ing hydrocarbons into associated structural traps. Thus, the recurrent re-
lalion between hydrocarbons, heat flow and groundwater movement, is
again preserved.

DISCUSSION AND CONCLUSIONS

A wide variety of thermal data support the liypothesis thal areas of hyd-
rothermal circulation, an nppnrent[P ubiquilous feafure of zones of higher
heat flow, tend to be more favorable locations for the generalion, migra-
{ion and accumulation of hydrocarbons. The rtlaliunahlg appears lo hold
on a regional scale as well as for individual hydrocarbon producing [i-
elds. Such areas can be defined thermally by high variability or scatler
in individual heat flow values with, to a greater or lesser degree, elevat-
ed mean values. The imr!i:atlnn of this result with respect to the com-
‘mon practice of using relatively sparse deep-well thermal data for burial
history/source rock maturation calculations and applying those resulis
io broad basin areas is that large errors are likely.

The published data results suggest that a more viable approach for
frontier areas, both onshore and offshore, is to perform higher density
shallow-probe heat flow measuremenis al a measurement site spacing of
preater than 1 km, in order to characterize slalistically the heat flow va-
riabilitv over an area and in comparison with other arcas. Subsequent
detailed investigalions, at site spacings of less than 1 km as suggested
by the more regional data, should be aimed at largeling areas for veri-
lication by seismic methods.

Physical insight into the applicability of near-surface heal flow mea-
surements for detecting vertical migration can be gained from the follow-

o ing theoretical example (Fig. 5). In the simp-
Surfuce .0 lest case ol direet vertical fluid migration
etew prosost from deplh 1o ihe surlace the normal geo-

therm ([solid line) bows upward (dashed
curve) the amount depending wpon the flow
velocily (Bredchoell and Papadopules, 1965).

5
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a0 Fig. 5 Dependance ol heal flow on deplh

For flows eriginating from severzl kilomeiers depth, velocities on the
order of 1 cm/yr can alter the geotherm by adelectable amount. For such
conditions the shallow thermal gradient (d7/dZ) measured by a shallow
probe would correspond to the tangent to the curve (Fig. 3) al fhe sur-
face. Note that (his iz @ maximum value at the surface, whereas the gra-
dient resulting from a single BHT measurement at depth Z=D (the
enormal geotherms) would be much less. Hence, there is an amplifica-
tion of the heat flow signal at shallow depth. This amﬁlliitaiinn can re-
sult in the sbility to map wvertical migration using shallow-probe heat
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flow measurements o an extent not possible with convenlional deep well
measurements.

Recently, increased interest has been given surface geochemical
surveys which infer source type {oil/gas) and maluration from the ratios
of light (Cl-C4) hydrecarbens in scils and in shallow marine sedi-
ments. Such measurements can be performed in «shallow-probe-fazhions
on land, in seismic shotholes and via marine core-sampling in offshore
areas. The aforementioned ability of the shallow heat flow measurement
io detect wertical migration and the operational and logistical similari-
ties between shallow heat [low and gecchemical data acquisition strong-
Iy suggests that these data should be collected joinlly and interpreted in

an inltegrated [ashion.
Omegalink lalernational Lid, Centerpor! Recelued fune &, 1959
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