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Microstructural evolution of source rocks during hydrocarbon generation:
A small-angle-scattering study
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The evolution of microstructure of shaly source rocks occuring during the natural oil generation is studied by
the small-angle neutron and x-ray scattering for length scales 50-2000 A. The study is performed on a set of
rocks with several weight percent organic matter content, forming a natural maturity sequence for hydrocarbon
generation. These rocks have been previously analyzed using various geochemical methods. The applicability
of small-angle scattering techniques for the quantitative source rock studies is also tested using the laboratory-
prepared rocks containing hydrogenated or deuterated eicosane. Although the natural source rocks are five-
phase systems, they are perceived by neutrons as quasi-two-phase, which enables straightforward interpretation
of the SANS data. The surfaces of immature source rocks are f@xta®.5+/—0.1) within the entire length
scale region, regardless of the organic content. Upon maturation, two distinct fractal regimes d@velh®
+/—0.1 andD=2.0+/—0.05 for the length scales below and above 600 A, respectively. The SAXS and
SANS data are compared with the geochemical thermal maturity indicators and a model of source rock
structural evolution is presented. Our data suggest an oil generation scenario according to which hydrocarbons
are produced from macerals finely dispersed inside the bulk of the rock and also concentrated on the grain
boundaries for grain sizes larger than 600 A. Upon reaching the thermal conditions necessary for oil generation
the small grains crack and release oil into these microfractures, whereas the intergranular macerals produce olil
and also wet the interface, thus forming an oil-wet network of conduits for primary migrd&o1.63-
182996)05921-9

I. INTRODUCTION geochemical techniques indicate that an oil-generation win-
dow existé® at the depth range between 155 and 370 m.
Migration of hydrocarbons during the natural petroleumAccordingly, we have focused the present study on the rocks
generation process is instrumental for the formation of gariginating from this particular interval.
and oil accumulations. The first step in this process, the pri-
mary migration within the source rock in which the hydro-

carb(_)ns are generate_d, is facil?tated by the chemical decom- Il. EXPERIMENT
position of the organic matter in the rock and a consequent
microstructural evolution of the inorganic rock matrix. The A. SAXS and SANS

chemical changes resulting from the thermal maturation of The microstructure of rocks was probed using the small-

the organic matter [n source rocks hgve been long SiUdieQngle neutron scatterif@ANS) and small-angle x-ray scat-
gnd thet pr;)cte;]sses_ mvotlve(: arle rel?tlt\_/e_ly well understood g in g (SAXS) techniques. These techniques are well suited
y contrast, the microstructural evolutigne., microscopic for analyzing the structural features ranging in size from 10

Chaf‘ges in geometry and topolggyf the Inorganic and or- ;[]o 2000 A. No other nondestructive method of analysis can

ganic components of the rocks upon maturation remaine . ; . .

unknown, although much speculated abolit.this work we provide structural information about rocks over this scale
' ange.

present experimental evidence relating microstructural
changes to the various stages of maturation for a series of The SANS data were collected on the W. C. Koehler 30

hydrocarbon source rocks. m SANS facility® at the Oak Ridge National Laboratory
We study a set of sedimentary rocks forming a naturalORNL) with a 64x64 cnf area detector and cefiélement
maturity sequence for hydrocarbon generation. These rockdize about 1 cfh The neutron wavelength was 4.75(A\/
were found in middle Proterozoi¢1400 m.y) sediments A=5%) and a range of sample-detector distande3 to 19.1
from the Velkerri Formation, McArthur Basin, Northern Ter- M) were used to give @-range of 0.003Q<0.5 A™. The
ritory, Australia® Sampled within the BMR Urapunga 4 well data were corrected for instrumental backgrounds and detec-
were mudstones and siltstones containing organic-rich intettor efficiency on a cell-by-cell basis, prior to radiédzi-
vals of a dispersed marine type-ll organic maftéThese mutha) averaging. The net intensities were converted to an
rocks have been subjected to a series of geochemical studiabsolute (+=4%) differential cross section I[Q)=dg/
and their chemical evolution is well understdbd.Thermal  dQ(Q)] per unit sample volumén units of cm'%) by com-
maturity indicators based on both bulk and molecular-leveparison with precalibrated secondary standards, based on the

53 14152



53 MICROSTRUCTURAL EVOLUTION OF SOURCE ROCKS DURME. . . 14 153
measurements of the beam flux, vanadium incoherent cross TABLE I. Rocks used in the SANS and SAXS study. The first
section, the scattering from water and other referenc&ven rocks originate from the natural maturity sequence probed by
materials’ The efficiency calibration was based on the scatthe BMR Urapunga 4 well. Samples 82S, 83S, and 84S were arti-
tering from light water and this led to angle-independentficial laboratory preparations.

scattering for vanadium, H-polymer blanks and water -
samples of different thicknesses in the range 1-10 mm. Equivalent

The transmission of the sample was measured in a sepa- Depth vitrinite .
rate experimenf by collimating the beam with slitériseg 1~ Sample interval reflectance  Total organic
cm in diameter, separated by a distance about 7.5 m. AUMPer (m) * carbon(%)
strongly scattering sample, porous carbon, was placed at theyg 132.60 0.73 6.61
sample position to spread the beam over the whole detectofgg 155.65 0.75 5.28
placed at the sample-detector distance about 10 m. Withoyt;g 155.70 0.75 0.67
the carbon in position, the beam would either be blocked by gg 157.30 0.77 8.68
the beam stop or concentrated in a few detector cells, with,q 216.90 0.81 388
the possibility of saturating or damaging the detector. The,5¢ 324.60 1.13 5.81
total count summed over the whole deteatorl0®) was re- 346'55 1'19 2'91
corded in a time period of 1 min and the sample being mea,, Artif.icial n/'a No.ne
sured was placed over the source slit, thus attenuating t Artificial n/a 50
beam. The count was repeated over the same time interv Ei.cosane
and the transmission is given by the ratio of the two counts848 Artificial n/a 37
after minor correction$<0.1%) for the blocked-beam back- Déuterated
ground due to electronic noise, cosmic rays, etc. In this ge- Eicosane

ometry only scattering from the sample@tvalues less than
103 A~1 can enter the second iris and be scattered by the

porous carbon and hence be counted by the detector. — 50,ym evaporator. The pure shale powder and the powders
The SAXS experiments were performed on the ORNL 10iy04 with eicosane and deuterated eicosane were then

. 1 . .
m SAXS instrument’ with sample-detector distances  of pressed into pellets of appropriate thickness for SAXS and
1.1-5.1 m using Gy, radiation(A\=1.54 A) and a 20x20 SANS studies.

cny area detector with cellelement size of 3 mm. Correc-

tions were made for instrumental backgrounds and detector

efficiency (via an F&® standard which emity rays isotropi- lll. THEORETICAL BACKGROUND

cally) on a cell-by-cell basis. The data were ra@f‘ﬂﬁz" The contribution of different phases to the total SANS
muthally) averaged in th&® range 0.004Q<0.5 A »and  scattering cross section can be determined from the values of
converted to an absolute differential cross section by meange corresponding scattering length densitig;). The scat-

of precalibrated secondary standatls. tering amplitude for neutrongy(Q), is related top,(r) by

B. Samples dA(Q)=py(r)exp —iQr)dV, (1)
The source rock samples were obtained from seven dep'ﬁ/r\llh reO is th ttering vector argV th tteri |
intervals within the Velkerri Formation, covering a reason- ereQ is the scattering vector a © sea erng vor

able range of maturityTable ). From each interval two ume element. The scattering length density depends on the

samples were cut out, one oriented parallel and the otheCrOhsvr:;.t scattering lengths of individual nuclet in the follow-

perpendicular to the bedding plane. A typical thickness of "9
the SANS samples was 6—8 mm. Samples for SAXS experi- _ sl v
ments were prepared from thin slices of rock cut off the pa(r)=(IN)Ziby(r —ry), @)

corresponding SANS samples and their thickness was of thghere the summation is extended over all the nuéjeipn-

order of 0.1 mm. As expected, both SAXS and SANS spectrggined in the volumey. For x rays, the scattering amplitude

were anisotropic for samples cut out perpendicular to thgg

bedding plane, indicating a different pore size in the vertical

and horizontal direction. The pores were vertically com- dA(Q) =1 pe(r)exp—iQr)dV, 3

pressed and the anisotropy ratio was 2:1. Only data taken

from rocks cut out parallel to the bedding plane are analyzesvherel .= (e*/mc?) is the scattering amplitude for a single

in this work. These spectra were fully isotropic. electron ang(r) is electronic densityi.e., number of elec-
Three types of artificial rocks were made using a leartrons per unit volume By comparison of relation§l) and

shale of known chemical composition as the starting material3) one can see that the produgp.(r) plays the same role

(samples 828, 83S, and 84S, TableThe shale was crushed in SAXS as the scattering length densiyr) does in SANS.

to fine powder and annealed in air for 24 h at 600 °C in order Real rocks may contain several macroscopic phases that

to remove the natural organic components. Eicos@986 can be distinguished in the small-angle scattering experi-

Aldrich Chemical Co. and deuterated eicosar(@8.8 at. % ments. A single phase may be a fine mixture of a number of

D, MSD isotopes were dissolved in dichloromethane and chemical compounds, labeled with a running ingexeach

thoroughly mixed with the annealed shale powder to the reecompound containing a number of different atofisstopes,

guired concentration. Excess solvent was removed using labeled with a running indek The scattering length density
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for such a single-phase, complex mixture of molar milss
can be calculated if its density and chemical composition are
known:

SHALE NEUTRONS
(A)
pn=(NAd/M)[Z;p;(Zisiby);], (4)

whereN, is the Avogadro’s numbed is density,s; is the
proportion by number of nucleusn the compoung, andp;
is the proportion by molecular number of the compouirid
the mixture. The produdt.p. can by simply calculated as

olL
lepe=(NAD/M)Ngl g, )

where N, is the number of electrons per one “supramol-
ecule” of composition as in the square brackets in &.

The quantity measured in a small-angle scattering experi-
ment is the scattered intensit{Q), equivalent to the differ-
ential cross sectiodo/d():

SCATTERING LENGTH DENSITY (10" cm?)

X-RAYS
_ » | SHALE B8
|(Q):A(Q)A*(Q):Cof y(rexp(—iQr)dv, (6)
where y(r) is the density-density correlation functio@j is
unity for neutrons and? for x rays. For a multiphase system OIL  WATER|

the correlation function has the foti*

y(r):iEj Pii(N)(pi—po)(p; = Po), (7)

SCATTERING LENGTH DENSITY (10" cm®)

wherep;= pg; O pni, po IS the volume average ¢f, or p,,
indicesi and | indicate separate phases of the system and
Pi;(r) is the probability that a point at distanceaway from

a randomly selected point in phas@appens to be in phase

J

FIG. 1. (a) Neutron(p,) and(b) electron {.p.) scattering length
densities for the five phases present in BMR Urapunga 4 source
rocks calculated from the known chemical composition.

The major difficulty in the interpretation of small-angle ] ] o
scattering data obtained from rocks with organic content is Since there may be various limitations for the range of
the multiphase character of the scattering medium. Naturaic@le over which a given physical object is self-similar, it is
source rocks are five-phase systems, compose(@) dfior- usually assumed that in order to justify the notion of a fractal
ganic rock fabric,(ii) organic macerals(ii) oil, (iv) water, the appropriate geom_etrlcal properties should extend over at
and(v) gas and/or voids. Scattering length densities for neul€@st 1 order of magnitude of the length scale. As the experi-
trons and the op, products for x rays calculated for these mentalQ range is also limitedin this work it .ex.tends over 2
five phases using Eq$4) and (5) are shown in Fig. 1. It orders of magnlt'uo)ethe upper- and'lower-llmlt cutoffs may
follows that the BMR Urapunga 4 source rocks are approxi-affeCt the experimental data and distort the apparent fractal
mately two-phase for SANS, with a little contrast betweendimensions of the system. Such a S|tu_at|0n_ for polydisperse
the shale and maceral phase as well as between voids, oifactal aggregates of Hausdorff dimensionality close to 2 has
and water. This is an important coincidence, since the interP&en recently discussed in detail by Nicogial.™ There-
pretation of small-angle scattering data is much mordore, be!ow we give abrlef_overwew of theoretical approach
straightforward for two-phase systems than for multiphasd® the size limit effects which may be relevant to rocks.
ones. It is also clear from Fig. 1 that x rays perceive the 1he upper size limit to a fractal structure can be intro-
BMR Urapunga 4 rocks as four-phase. There is very litttieduced in a natural way at the level of the correlation func-
) ; : : 19

difference between oil and water scattering cross section fd#on. For mass fractals it has been done by Siehal ™ who
both neutrons and x rays. proposed the correlation function of a form

It is a general theoretical result that small-angle scattering
from ideal fractals results in a power-law dependence of the
scattered intensitydifferential cross sectionl on the scat-
tering vectorQ. For real(i.e., material two-phase fractal
objects the power-law scattering on theoretical grounds isvhere » (equivalent tal .., in our previous notationis the
expected within theQ region for which QI ,>1 and correlation length. The firstexponentigl term reflects the
Ql,i,<1.1"These two inequalities ascertain that the rangeupper-size-limit-related decay of fractal properties, the sec-
of Q is such that the scale of length probed by x rays orond (powel term is the correlation function for a perfect
neutrons is smaller than the object’s total linear diametgr  fractal?’ andD,, is the fractal(Hausdorfj dimension of the
but larger than the sizk,;, of the individual building block. object. The Fourier transforfieq. (6)] of y(r) gives

y(r)ocexp(—rlp)rPm=3, ®
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1(Q)=Q T(Dp—1) n°m 1+ (Q7)?]tPm2 CUT-OFF SURF FRAC MODEL DATA

X sin (Dy,—1)arctariQ»)]. C)

Such a form of scattering has been reported for silica particle
aggregate’ For 7Q>1 the limiting behavior is

S(Q)=Q PmI'(Dy—1)sin(Dp—1)(7/2)], D<3 10°
(10)

which is anl (Q) =constQ ™~ Pm power law expected for per- —~ [

T L R R R |

Infinite
surface fractal:

QD-B

LELRLRLLLY B TTTIT)

fect mass fractals. FdD, close to 3, which is observed for =
some of the rocks studied by us, the convergence between
(9) and (10) occurs forQ>2. This means that the transi- 102
tional Q range near the upper size limit is relatively narrow.
This is not the case, however, for polydisperse aggregates of
D, close to 2 discussed in Ref. 17.

The correlation function for real surface fractals with the
upper limit ¢ for the range of scale invarianéequivalent to
| maw) Was proposed by Mildner and H&fl based on the cor-
relation function of Bale and Schmfdtfor perfect surface 0.1 10 10
fractals: S

S(Q
LRRRLLL |

S(Q) according to
Mildner & Hall

¥

10-4 Il Lol IR AT |

y(r)=exp(—r/&)[1-C(r/§)3 Ps], (11 FIG. 2. Form factor for a real surface fractal with correlation

where C=Sy/4¢(1— $)V, V is the sample volumeg is length & Transition to the power-law behavior takes place §Q
. . . >2.

porosity, andS, a constant of area dimensiéhFor a smooth

interfaceS, is the interfacial surface area. A Fourier trans-.

ied here are strong fractal scatterers, the lower size limit
form of (11) leads to effects are relatively weakalthough detectable Indepen-
S(Q)=Q I'(5—Dg) &> P 1+(Qé)2](Ps™9172 dent microstructural information on rocks is very limited and
in order to avoid arbitrary assumptions we perform the frac-
X sin(Ds—1)arctartQ¢)]. (12)  tal analysis of our data in such@ range where the lower
For £Q>1, the limiting behavior is size limit effects are negligibly small compared to the fractal
’ scattering intensity.

S(Q)=QPs I'(5—Dy)sif(Ds—1)(7/2)], 2<D<3 There may be both surface and mass fractal structures

(13 present in a rock. Surface fractals are bulk objects with rough
surface, the roughness being scale invariant within the cer-
tain range of sizes. For surface fractals the majority of build-
ing blocks remain in the bulk. Theurface areais propor-
tional to RPs, where the surface fractal dimensiddg

which is anl(Q)=constQ® Ps power law and reduces to
the Porod limit forDg=2. In Fig. 2 we illustrate that for
practical purposes the transition froth2) to (13) is com-

plete foreQ>2. , remains within the limits 2D.<3 andR is the length of the
The form of (11) is the consequence of assumption thatyeasyring sticklinear scalg A good example of surface

the fractal surface is self-affine and that its roughness Scalefﬁactal could be planet Earth with its rough surface morphol-

in such a way that the surface area per unit volume at rougl‘bgy (D, may vary from 2 to 2.5, depending on the position
ness scale, S(r), has the forr®

and length sca)e For mass fractals the majority of building
_ 2-D blocks are exposed to the surface. The volume and, conse-
S(r)=S(r/§)™ . (14 quently, themassof a mass fractal is proportional &°m,
This enables one to calculate the surface area per unit volwhere the mass fractal dimensi@n, can be no larger than
ume at any scale length once the “smooth” specific surface8. An example could be a river system or a network of cracks
S, (i.e., that measured at the length scglés known. in a solid. In the latter case the relative position of matter and
The question of lower size limit effect is related to the voids is reversed and a name of pore fractal is sometimes
size (I i) and shape of the building blocKsr elementary used.
units) of a real fractal object. These can be atoms, molecules, As discussed above, the specific form for the small-angle
molecular clusters, or larger objects. In the case of rockscattering law has been derived for the surface fractal®
studied here the building blocks are clusters of a large numand mass fractafs;"?®both ideal and real. For both mass
ber of finely dispersed particles of mineral and organic matand surface fractals the resulQ S has been obtained,
ter. The individual components of these rocks can be easilwhere the magnitude of the exponéhis D, and 6-Dg for
resolved in the x-ray-diffraction spectra, but in the small-the mass and surface fractals, respectively. This result is
angle region only the structure factor of elementary unit mayalid for real fractals only in the limite®@ range, reflecting
be possibly seefiin the largeQ limit for Ql,,;>0.3).18 In  the existence of the upper and lower size limits for the fractal
some cases there may not be a clearcut transition from fracthkehavior. Since 2D <3 andD,,<3, S<3 for mass fractals
scattering to the individual particle scattering, depending orand 3<S<4 for surface fractals. Therefore, the slope of the
the particular shape of the building blocks. As the rocks studsmall-angle scattering curve on the log-log scale directly in-



14 156 RADLINSKI, BOREHAM, WIGNALL, AND LIN 53

' llllllll ! lllll”l ! MR 105 ¥ llllllII T Illlllll 1 LB RL)
= — Lean shale
g 10 % L. Uraﬁg;%a 4 3 annealed at 600°C
= 2 . S qp* %, . plus 5% C, H,,
=z - %
& " =z % -  Ppressed powder
g 10° % Q (I N
] o 10°
» »
n 102 o
[95] 3 2
o] SANS ] g 10
5 § T
10’ 3 ©
g 3 ST
[ ] T
| o -
E E o
< 3 = 10
2 107 . Z :
L 1 ‘l||“I 1 L II””I L 1 Ill'j 1 1 IIIIII] L 1 Illllll I IllLll
0.001 0.01 0.1 ! 0.001 0.01 0.1 1
SCATTERING VECTOR Q (A™) SCATTERING VECTOR Q (A")
FIG. 3. logl(Q) vs logQ for SANS and SAXS data for sample 10° R e L) e et e R A
27S. The different symbols refer to different sample-detector dis- = ’ Lean shale
tances € 4 annealed at 600°C
: s 10 plus 4% C, D,
. . 5 pressed powder
dicates whether the scattering occurs from a surface or mass = 10° (B)
fractal, provided the system is two-phase. For multiphase ]
systems the relationship between the differential cross sec- :: 10°
tion and the density-density correlation functions is more 8
complex[Egs.(6) and(7)] and the above result is generally Z 10
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and the classical Porod limit(Q)=Q ™, is reproduced. é 10°
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< 107
IV. RESULTS AND DISCUSSION S

Typical SANS and SAXS spectra covering tlerange e B I R E VI SR
3.2x10 %-0.5 Al exhibit a monotonuously decreasing 0.001 0.01 0.1 1
scattering intensity with increasin@ value (Fig. 3). For
larger Q values (Q>0.032 A™%) gradual flattening out of
scattering curves is observed. This is caused by the presence

of low-level scattering background which may originate mixed with () eicosane andb) deuterated eicosane. The SAXS

frorl‘:n. twofse%z’ia\rﬁltg phhenomena_l. i anifi ib data are similar in both cases but there is a difference between the
irst, for there certainly is a significant contribu- SANS data at the higheQ-values.

tion from the incoherent scattering on hydrogen nuclei, since

the flattening effect is markedly less distinct for samples conthe lower size limit effect. From th@® value of its onset one

taining deuterated hydrocarbons. The incoherent backgrounchn estimate the building block size to be about 30—100 A,

may be estimated by empirical methddand when a cor- but there is no structural information to support any specific

rection for this component was made by subtracting a flabuilding block shape model. In order to avoid speculative

background of about 0.01-0.15 chthe SAXS and SANS interpretation, the analysis presented in this report is limited

curves were found to have similar shapes even for the largep the regionQ<0.032 AL In this range the larg€ back-

Q values. This was confirmed by SANS experiments madeground is at least 2 orders of magnitude smaller than the

on artificial rocks containing hydrogenated or deuteratedractal scattering and can be neglected.

eicosangsamples 83 and 84, Table | and Fig. & Second, Examples of SANS and SAXS log-log plots for the im-

there is an additional background neutron scattering differennature(179 and maturg279 rock are shown in Fig. 5. In

from the incoherent component, which varies from sample tdhe range 3.210 *<Q<3.2x102 A~ ! these spectra can be

sample in the range 0.04—0.5 thin a way apparently un- described by a power law for the low maturity rocks and two

related to the geochemical characteristics. various power relationships for more mature samples. Be-
This latter contribution, which also causes the flatteninghavior similar to that shown in Fig. 5 is observed for all the

out of the SAXS curves in the larg@-region observed both BMR Urapunga 4 source rocks studied by us. The values of

for the hydrogenated as well as deuterated samples, is likelye slope(giving the power-law exponentvere determined

to originate from the small-scale nuclear and electronic denfrom the SANS and SAXS log-log plots using a least-

sity inhomogeneities that have developed during the roclsquares-fitting procedure.

deposition, diagenesis, and/or maturation. This is basically The plot of slope versus maturity for the whole BMR

SCATTERING VECTOR Q (A

FIG. 4. Comparison of SANS and SAXS data for artificial rocks
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O " 7 See text for description.
» 10° F =
E 1 11 11 llll =
0.001 0.01 0.1 A to 1 um?’ This strongly indicates that the scattering inter-

SCATTERING VEGTOR Q (A") face_may be of fractal characte_r, similarly to the situation
previously reported for several different types of rock. Some
FIG. 5. () SAXS and SANS daté3x10-<Q<3x10-2 A1) examples of previous small—agsgle scatterin.g studies on sedi-
for the immature source rock 17%b) SAXS and SANS data mentary rocks are Wong:t_al. on Coconlggo sandstone,
(3x103<Q<3x10"2 A1) for a mature source rock 27S. Portland sandstone, and Frio shale; Nattal.™” on Bakken
shale; Bale and Schmfdton lignites and other coals; and
Urapunga 4 series is shown in Figagfor SANS and Fig. Schmidt’ on river Lahn seghments. .
6(b) for SAXS data. The thermal maturity of each sample The plot of slopes obtained from SANS d4téig. 6a)]
has been quantified by calculating its equivalent vitrinite reJertains to a quasi-two-phase system and, therefore, can be
flectance by correlating it with the methyl phenanthrene indirectly interpreted in terms of fractal geometry in the two-
dex (MPI) previously determined for the BMR Urapunga 4 phase approximation. This can be done at the cost of losing
rocks and correlated to the widely used vitrinite reflectancedistinction between the solid rock components as well as
(VR) by the relation VR=0.7MPI+0.22# The oil-generation between the empty pores and the gas-oil-water phase. The
window subdivision as used in petroleum geology is dis-inorganic rock matrix and the organic maceral are thus in-
played above the plot and should be referred to the correzorporated into a single solid supraphase whereas the empty
sponding values of the vitrinite reflectance shown on thepores, water, and hydrocarbons form a fluid supraphase.
abscissa. The ordinate is the slope of the SAN§. 6(a)] or For the low maturity sample$13S,15S,175a single
SAXS[Fig. 6(b)] curve. If the curve has two different slopes slope of—3.5 +/—0.1 is observed. The SANS spectrum for
in the Q range used, both values are plotted for the corresample 17S does not significantly differ from the other two
sponding value of vitrinite reflectance. The change of slopespectra, although this rock has a very small organic carbon
for the SANS curves occurs for the more mature samplesontent of 0.67 wt % compared to 3—8.7 % for other samples
systematically near the value @=0.01 A%, which corre- in the BMR Urapunga 4 serie§able )). A slope of —3.5
sponds to the real space distaneg@Q of about 600 A. indicates a surface-fractal geometry of the solid-fluid inter-
The direct observations with the atomic force microscopyface, which does not seem to be influenced by the presence
of the cleaved BMR Urapunga 4 rock surfaces demonstrate ar absence of the organic matter at this low maturity stage of
rough character of the rock fabric on scales varying from 10@he rock evolution.
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A, and D =3 (maximum fractal dimension for surface frac-
tals), one estimate$(r)=44 nt/g for the mature Urapunga
K 4 rocks, in good agreement with the other shale data. The
é&é@g quantity Q,.x Used to estimate the lower limit of is the
M upperQ limit of the Porod regioriand the lowelQ limit for
the interface roughnepsdetermined from Fig. 7.
i @ " . One can perform similar calculations for the immature

0 Oaea e, Specific surface: Urapunga 4 rocks assuming that the “smooth” specific sur-

© 3.80x10° (m“/m~) . . .
faceS, is the same as for mature rocks. Given the geological
context and interpretation of our daf@iscussed belowthis

L . seems to be a justified assumption. For immature samples,
0.004 0.007 0.01 I_D=.2.5 and the lower limit of is determined l:_)y the upper

SCATTERING VECTOR Q (A limit of experimentalQ range: .§>2000 A. UsingD f2.5,
£=2000 A andr=5 A one obtainsS(r) =31 nf/g, which is
again within the range expected for shales. The specific sur-

FIG. 7. Porod plot for the mature sample 27S. The “smooth” faces for both mature and immature rocks are only estimates,
specific surface derived from the plot is 1.55/g however, owing to the approximate valueséifised in our

calculations.

With increased maturity of the source rocks, just at the The SANS and SAXS data obtained from samples cut out
point where the vitrinite reflectance indicates an onset of th@perpendicular to the bedding plane indicate that Urapunga 4
oil-generation window, there is a very significant branchingsource rocks are anisotropic. For these rocks, the isointensity
of the slope values in Fig.(8). This reflects the fact that the scattering profiles are roughly ellipticévith the long-to-
SANS slopes for the length scales 50—600 A and 600—2006hort axis ratio about 2)Iwhich is characteristic of micro-

A are different. For the smaller scale, the slope increases tstructural inhomogeneities having azimuthal symmetry about
—2.8 +/—0.1 from the original value of-3.5 for the imma-  the vertical axi€! This indicates that the pore space is flat-
ture source rock, thus crossing over the border value ®f tened in the vertical direction, which is expected on the geo-
into the region of pore fractals. This pore fractal may belogical grounds. Such deformation of the pore space may
interpreted as a system of interconnected microcracks creffect the values of specific surface estimated above for the
ated as a result of petroleum generafiddn the scale 600— “in-bedding-plane” component of the rock microstructure,
2000 A the slope approaches4, which is the classical Po- but is unlikely to change them very significantly. More sig-
rod limit for a smooth interface. Interestingly, the 600 A sizenificantly, it does not influence the overall picture of the
boundary broadly corresponds to the distinction betweemicrostructural evolution of source rocks in response to ther-
meso- and macropores, which have been shown to have difmal maturation, as discussed below.

fering levels of petroleum saturation within the oil windd®. Our interpretation of Fig. @) in the geochemical context

For immature source rocks we observe no flattening oubf source rock thermal maturation is as follows. The organic
of the scattering intensity in the sm&)+egion. There is also matter is originally finely dispersed in the inorganic matrix
no transition to Porod limit anywhere in the experimer@al of immature source rock. Because of little contrast for neu-
range, which indicates that the fractal roughness of the solictrons between the inorganic and organic solid components of
fluid interface persists down to the building block scalethe rock, the scattering occurs predominantly on the solid-
range. Therefore, neithémor Sy can be directly determined fluid interface. The interface with the pore space is of the
and one can only estimate th&t-2000 A. For the mature surface fractal character, which is equivalent to a polydis-
rocks, however, the roughness is removed in the s@all- perse system of poré&3?

10-5 T T T T T 1

=l

L B S |
N
~J
w
|80A0r8|

Q*1(Q) (Acm™)

10°®

1|||
|

region and one can determine the specific surf8gésee Upon burial, compaction and heating the macékairo-
Porod plot in Fig. T: gen undergoes a series of complex chemical reactions lead-
ing to a breakup of large organic molecules and formation of
So=limq_..{Q*(Q)/[2m(py— p2)°I}. (15)  hydrocarbons.The simultaneous increase of the pressure re-

sults in a buildup of internal stress that eventually causes
The interface appears smooth in the linear size range 900major restructuring of the pore space. It follows from Fig.
2100 A, where the linear dimensionis related to the cor- 6(a) that the restructuring occurs very rapidly upon matura-
respondingQ value according tox=2#/Q. Using the con- tion at the onset of the oil-generation window in a twofold
trast of (p;—p,)?=8.41x107° cm * (close to the shale-void way: by creating a system of microcracks inside the solid
value, Fig. 1 and the measured rock density of 2.45 gicm phase regions smaller than about 600 A and by smoothing
one obtains the “smooth” specific surfac&=3.8x10°  out the solid-fluid interface on scales larger than 600 A. The
m?/m? or 1.55 nf/g. This is a rather small value. Although microcracks provide conduits for the release of intragranular
there are no data for Urapunga 4 rocks, the typical specifipressure and also accommodate the transport of fluid hydro-
areas for shalésare known to vary between 10 and 68/qn  carbons out of the grairfS:>
between depths 500—-3500 m. However, these results have The smoothing out of the solid-fluid interface cannot be a
been obtained using mercury porosimetry and gas-adsorptigsurely mechanical effect and probably involves eitkigra
technigues, in which the probe size is atomic. Consequentlywetting of the inorganic rock matrix by the maceral which
they correspond not t8;, but S(r) of Eq. (14) for r equal  begins to melt due to the elevated temperature and stress at
several A. Substituting to Eq14) r=5 A, £é=27/Q,,,=900 the onset of oil generation dii) a redistribution of newly
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10° T was calculated from the known chemical composition. The
= - Lean shale agreement with the experimentally determined ratio of 30 is
g . annealeg at 6%0‘;0 very good.
; 10 pressec powde The SAXS data used to create Figbpwere taken using
g 82s slices of rock cut off the corresponding SANS samples. Be-
Q 10° cause of the largely differing values of the electronic density
» for different phasegl .p. in Fig. 1) these data pertain to a
17 102 truly four-phase system. The SANS and SAXS intensities are
2 not proportional to each other any more and the slope versus
8 1 maturity plot[Fig. 6(b)] cannot be directly interpreted in this
z 10 case, although it retains some of the features of Fig\. n
& general, for quantitative analysis of a four-phase system a
E 10° \\, detailed knowledge of the composition and spatial distribu-
Q tion of each phase is required.

J lllll|| 1 L lllllll 1 1l Li11l
0.001 0.01 0.1 1 V. CONCLUSIONS

SCATTERING VECTOR Q(A™) Shaly hydrocarbon source rocks are multiphase, natural

random systems containing both the organic and inorganic

, components. In this work, SAXS and SANS techniques have

FIG. 8. Comparison of SANS and SAXS data for the two-phaseépeen tested using the two- and three-phase artificial rock
artificial rock 82S. samples prepared in laboratory and then applied to a study of

) . . source rocks forming a natural maturity sequence for hydro-
formed macerals at the larger size grain boundaries, or bothon generation. Because of the specific values of the scat-

Process(i) would indicate that the solid organic matter may (ering |ength densities the neutron scattering data could be
be dgpos_ned in the immature source rocks at two differenfyierpreted in the two-phase approximation, thus for the first
locations: as a finely dispersed phase throughout the wholgne hroviding adirect insight into the microstructural evo-
rock volume and at high concentration on the grain boundyytion of source rocks during the oil-generation process and,
aries for grains larger than some 600 A across. Altemat'velyconsequently the mechanism of primary migration.
procc_ess(n) would be the consequence, on the_subml_crot The SANS results for BMR Urapunga 4 source rocks in-
scopic scale, of the process of petroleum generation which i§jcate that these are dynamic fractal systems, undergoing
known to be accompanied by about 50% mass loss of magpe microstructural changes caused primarily by the
eral and related change in maceral conf|gurf7t|g4n on the oRshemical breakdown of the organic component. Our data
tically accessible size scal@bout 10000 A™"**In any g qqest an oil-generation scenario according to which hydro-
case, the organic matter distribution and the inorganic matrix4 hons are produced from macerals finely dispersed inside
structure must reflect of details of depositional and diageihe pulk of the rock and also concentrated on the grain
netic process for the accumulation of inorganic and organi¢yndaries for grain sizes larger than 600 A. Upon reaching
matter in the low energy, reducing marine environment ofihe thermal conditions necessary for oil generation the small
the McArthur Basin some 1.4 billion years ago. _grains crack and release oil. The intergranular maceral soft-
The importance of the validity of the two-phase approxi-eng and its interface with the fluid phaseids, oil and wa-

matiqn for the interpretatio.n of ;mall—angle scattering data ister) becomes smooth. Simultaneously, an oil-wet network of
well illustrated by comparing Figs.(® and @b). The two  onqyits for primary migration forms inside the rock.
figures are clearly different, where#s the two-phase ap-

proximationthe SAXS and SANS scattering intensities are
theoretically expected to be proportional to each other and,
consequently, the scattering curves should be parallel. We The research at Oak Ridge was supported by the Division
have verified this prediction using the artificial rock 82S with of Materials Sciences, U.S. Department of Energy under
no organic componenfFig. 8. In such a rock only two Contract No. DE-AC05-840R21400 with Martin Marietta
phaseginorganic matrix and voidsare present and the in- Energy Systems Inc. One of (A.P.R) appreciates discus-
tensity ratio of the x-ray to neutron scattering equal to 31.7sions with L. Barreand D. Espinat.
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