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Abstract—Organic matter, water, and minerals coexist at elevated temperatures and pressures in sedimentary
basins and participate in a wide range of geochemical processes that includes the generation of oil and natural
gas. A series of laboratory experiments were conducted at 300 to 350°C and 350 bars to examine chemical
interactions involving low molecular weight aqueous hydrocarbons with water and Fe-bearing minerals under
hydrothermal conditions. Mineral buffers composed of hematite-magnetite-pyrite, hematite-magnetite, and
pyrite-pyrrhotite-magnetite were added to each experiment to fix the redox state of the fluid and the activity
of reduced sulfur species. During each experiment the chemical system was externally modified by addition
of ethene, ethane, propene, 1-buteneal-beptane, and variations in the abundance of aqueous organic species
were monitored as a function of time and temperature.

Results of the experiments indicate that decomposition of aqueallanes proceeds through a series of
oxidation and hydration reactions that sequentially produce alkenes, alcohols, ketones, and organic acids as
reaction intermediaries. Organic acids subsequently undergo decarboxylation and/or oxidation reactions to
form carbon dioxide and shorter chain saturated hydrocarbons. This alteration assemblage is compositionally
distinct from that produced by thermal cracking under anhydrous conditions, indicating that the presence of
water and minerals provide alternative reaction pathways for the decomposition of hydrocarbons. The rate of
hydrocarbon oxidation decreases substantially under reducing conditions and in the absence of catalytically
active aqueous sulfur species. These results represent compelling evidence that the stability of aqueous
hydrocarbons at elevated temperatures in natural environments is not a simple function of time and
temperature alone. Under the appropriate geochemical conditions, stepwise oxidation represents a mechanism
for the decomposition of low molecular weight hydrocarbons and the production of methane-rich (“dry”)
natural gas.

Evaluation of aqueous reaction products generated during the experiments within a thermodynamic
framework indicates that alkane-alkene, alkene-ketone, and alkene-alcohol reactions attained metastable
thermodynamic equilibrium states. This equilibrium included water and iron-bearing minerals, demonstrating
the direct involvement of inorganic species as reactants during organic transformations. The high reactivity of
water and iron-bearing minerals suggests that they represent abundant sources of hydrogen and oxygen
available for the formation of hydrocarbons and oxygenated alteration products. Thus, variations in elemental
kerogen composition may not accurately reflect the timing and extent of hydrocarbon, carbon dioxide, and
organic acid generation in sedimentary basins.

This study demonstrates that the stabilities of aqueous hydrocarbons are strongly influenced by inorganic
sediment composition at elevated temperatures. Incorporation of such interactions into geochemical models
will greatly improve prediction of the occurrence of hydrocarbons in natural environments over geologic
time. Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION In most geologic environments, organic compounds coexist
with water and minerals. Numerous laboratory and theoretical
studies have demonstrated that the presence of water and min-
erals influence organic reactions at elevated temperatures and
pressures (Hoering, 1984; Tannenbaum et al., 1986; Eglinton et
al., 1987; Shock, 1988; 1989; Siskin and Katritzky, 1991;

Organic compounds play a fundamental role in a broad
spectrum of chemical, physical and biologic processes at ele-
vated temperatures and pressures within the earth’s crust. Ac-
cumulation of oil and natural gas are obvious and economically

important examples. Other examples include sediment dlagen-HeIgeson, 1991: 1999: Helgeson et al., 1993: Mango et al.,

esis, the transport and deposition of ore-forming metals, and i ] ) ) i
methane gas-hydrate formation. Reduced carbon compoundslgg4’ Seewald, 1994; 1997; Stalker et al., 1994; Lewan, 1997;

also represent an important source of nutrients and energy toSeewaId etal., 1998; McCollom and Seewald, 2001a). These

support biologic communities that inhabit seafloor hydrother- StUd'_eS have shown that.ln addlt_lon to acting as a co.nflnlng
mal vent environments. Despite their significance, factors that Medium and/or catalyst, inorganic rock components, includ-

regulate the generation and persistence of organic compounddnd their agueous pore fluids, may participate directly as
under hydrothermal conditions are not well-understood.

reactants in reactions involving organic compounds. In ad-
dition, many organic reactions that do not occur in dry
systems proceed readily in the presence of liquid water,

*Author to whom correspondence should be addressed (jseewald@ Suggesting that an aqueous solvent may facilitate specific
whoi.edu). reaction pathways. Consequently, rock composition and the
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presence or absence of water may regulate which reaction2.2. Experimental Approach

mech.anlsms are operative d““”g organic metamorphism. Because many organic reactions involve changes in the nominal
Owing to the extreme complexity of natural systems, key oxidation state of carbon, the relative stability of organic compounds

processes that regulate the timing, amounts, and composition ofmay be strongly dependent on the redox state of the chemical system.

organic alteration products are difficult to determine from field In addition, sulfur species have been recognized as important reaction

studies alone. Laboratory experiments represent an alternativeNié'mediaries and catalysts that may play an integral role in regulating
the direction, rate, and extent of specific organic reactions (Toland et

means to study the generation and_ stability of hydro_carbons, al., 1958; Toland, 1960; Douglas and Mair, 1965; Orr 1974; 1977;
and offer the advantage that reactions can be studied underGoldhaber and Orr, 1995; Seewald, 1997; Lewan, 1998). Accordingly,
well-constrained physical and chemical conditions. Although the redox state and activity of i3, during these experiments were

many laboratory studies involving organic compounds have buffered by the addition of iron oxide and iron sulfide mineral assem-
. - - blages consisting of pyrite-pyrrhotite-magnetite (PPM), hematite-mag-
been conducted in the past, there remains a high degree Ofnetite-pyrite (HMP), and hematite-magnetite (HM). The PPM assem-

uncertainty associated with the extrapolation of experimental pjage buffers Hagy @nd H:Siq activities at higher values than the
results to natural systems because key chemical variables suctHMP assemblage (Fig. 1). The HM assemblage buffegg bactivities

as oxidation state and the activity of sulfur species were not at values identical to the HMP assemblage but does not contain sulfur.
controlled at geologically reasonable values Chemical reactions responsible for the buffer activity of these assem-
N . blages can be represented as follows:
The present study was conducted to investigate reactions
regulating the stability of aqueous low molecular weight 1.5Fe&)+ H,0y = 0.75Fe$) + 0.25F0,) + Haag (1)
straight-chain hydrocarbons at elevated temperatures and prespyrrhotite pyrite magnetite
sures un_der coni_rtolleol cfhe_rlnlczl cotndlt:ons. Thzse compounds;ZF%OA(s) + H,0p = 3F80s + Hamg @
are a major constituent of oil and natural gas, and may represent,, o erite hematite
sources for diagenetically significant species such as organic

acids and carbon dioxide. The experiments reported here differ FeS) + 2Feg;) + 4H,0) = F&04e) + 4H;Sq) 3)
from most laboratory investigations of organic matter stability PYrite  pyrrhotite magnetite

at elevated temperatures because they contained mlnerlal aSEes, + FaOye + 2H,0)) = 2F80y + 2H,Suq) (4)
semblages that buffered the redox state and sulfur fugacity of pyrie  magnetite hematite

the fluid. This approach allows the results to be interpreted
within both a thermodynamic and kinetic framework. This may Requisite data to calculate equilibrium constants for reactions (1)—

; - I : (4) are available in the thermodynamic data compilation of Johnson et
be particularly relevant to evaluating whether kinetic barriers or al. (1992) allowing the activities of ke, and HSuq to be estimated

.the. stence Of a ther.modynqmic drive are responsible for 4t the temperature and pressure of each experiment. The standard states
inhibiting specific organic reactions under a given set of con- for water and minerals adopted throughout this study are unit activity
ditions. For example, redox buffered hydrothermal experiments of the pure liquid and solid at any temperature and pressure. For

were used to demonstrate that kinetic barriers allow aqueous aqueous species other than water, the standard state is a hypothetical 1
molal solution referenced to infinite dilution at any temperature and

ethane. and eth.e.ne to coexist in a m.etastab.le state while at thepressure. Accordingly, the mass action expressions for reactions (2)
same time equilibrate thermodynamically with respect to each and (4) reduce t&, = 8412020 ANAK, = 8y155(aq) rESpectively. Because
other, water, and iron-bearing mineral assemblages (Seewald pyrrhotite is a non-stoichiometric mineral, its activity must be included

1994). This study builds on this initial finding by examining a in the mass action expression for reactions (1) and (3) which reduce to

1 _ H 1 K1 = aH a apyrrhotite and K2 = aH a apyrrhotite The aCtiVity Of pyF
variety of short-chain aqueous hydrocarbons under varying rhotite azsf qa{ function of temperatztﬁeqlwas determined from the data of

conditions of redox, hydrogen sulfide activity, and temperature. Toulmin and Barton (1964).
During this study measured,,, concentrations were used to eon

2. MATERIAL AND METHODS strain the redox state of the fluid. Because the disproportionation of
water rapidly attains a state of thermodynamic equilibrium at elevated
2.1. Experimental Apparatus temperatures, the activity of J, can be related directly to oxygen

fugacity fO,) using readily available thermodynamic data (Johnson et
Numerous laboratory studies have been conducted to examine thea|_g 193/2(; fCZ))I' the ?eactiony: 4 (

stability of organic species in the presence of water at elevated tem-

peratures and pressures (e.g., Siskin and Katritzky, 1991; Lewan, 1997, H,0() = Hag@g) + 0.50y, (5)

Price and Wenger, 1992; Eglinton et al., 1987, McCollom et al., 1999a;

1992b; Leif and Simoneit, 1995; 2000). These studies utilized fixed The stoichiometry of reaction (5) indicates thaf@s decreases, i,
volume reactors in which liquid water, a floating hydrocarbon phase, concentrations increase.

and a volatile-rich head-space coexisted at experimental conditions. As Commercially synthesized stoichiometric minerals99.9 wt.%

a result, it is not always possible to discern whether the reactions of pure on a metals basis) were used for the experiments. X-ray diffraction
interest occurred in the gas, water, or hydrocarbon phase. Becauseanalysis of the starting reactants indicated that each mineral had a
chemical reactions may be influenced strongly by the reaction medium, crystalline structure. The reaction cell was loaded with 15 g of the
mechanisms cannot be determined unambiguously from experiments premixed buffer assemblage containing equal amounts of each mineral
conducted in this type of equipment. To circumvent this problem, a on a weight basis and approximately 45 g of argon-purged deionized
flexible cell hydrothermal apparatus consisting of a gold-titanium re- water. Because fluid samples were removed from the reaction cell, the
action cell contained within a steel pressure vessel was used (Seyfriedfluid/mineral ratio decreased during each experiment.

et al., 1987). This apparatus allows external control of pressure and the The mineral assemblages contained small but significant amounts of
elimination of a vapor filled head-space. Fluid samples can be with- organic carbon contaminants that were released to solution upon heat-
drawn from the reaction cell at the temperature and pressure of an ing (Tables 1-4). To characterize and minimize the extent of contam-
experiment and rapidly cooled to ambient conditions in less than a few ination, each experiment was initially heated to a desired temperature
seconds, thereby minimizing retrograde reactions that may occur dur- and allowed to react for a minimum of one week before the injection of
ing a prolonged quench process. Fluids can also be pumped into theorganic reactants. During some experiments, this initial equilibration
reaction cell during the course of an experiment allowing external period was conducted at temperatures higher than the experimental
modification of fluid composition. conditions to increase the release rate of contaminants to solution.
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into experiment HM1 while propene and 1-butene were sequentially

-1.0 injected into HM2. To investigate the effects of aqueous sulfur species
(a) 300°C on the rate and selectivity of organic reactions, a 1.01 mmolal solution
5 of Na,S,0; was injected into experiment HM2 after 6049 h.
. Because the aqueous phase was not completely removed before
-2.0 Pyrite injection of new reactants during an experiment, previously injected
o p . reactants and their products persisted in solution following subsequent
< 25 yrrhotite iniecti Th trati f th isti H h
L jections. The concentrations of these preexisting species, however,
_5_” u were diluted by the addition of deionized water that accompanied each
-3.0 injection.
Magnetite
35 2.3. Analytical Methods
4.0 ! ’ ’ The concentrations of selected aqueous species were monitored as a
60 55 50 45 40 35 30 25 20 function of time by removing fluid aliquots from the reaction cell into
0 glass gas-tight syringes for analysis. The first alique0.(5 g) re-
’ moved on any sampling occasion was discarded and served only to
45 (p)325°C flush the capillary sampling line. The abundance of dissolved light
’ . hydrocarbons (§C,) and CQ were determined using a purge and trap
Pyrite apparatus interfaced directly to a gas chromatograph equipped with
- 20 | Pyrrhotite serially connected thermal conductivity (TCD) and flame ionization
. (FID) detectors and a Porapak-Q packed column or a GSQ megabore
::5 2.5 " capillary column. Injection of the fluid sample into a purge cell con-
o taining 25 wt.% phosphoric acid solution ensured complete evolution
-3.0 Magnetite of agueous CQ A purge and trap apparatus interfac_ed direc@ly toagas
Hematite chromatograph-mass spectrometer (GCMS) equpe_d with _e|the_r a
3.5 Poraplot-Q or a HP1 capillary column was used to confirm the identity
N of chromatographic peaks. Dissolved Was determined in a separate
—— aliquot using a gas chromatograph equipped with a TCD and a 5A
60 55 50 45 40 35 30 25 -20 molecular sieve packed column following a headspace extraction.
Dissolved alcohols and ketones were analyzed by direct splitless in-
-1.0 jection of liquid water into a gas chromatograph equipped with a FID
(c) 350°C and either a Porapak-Qacked or a Poraplot-Q capillary column.
15 Pyrite Organic acids were determined by ion chromatography using sup-
Pyrrhotite pressed conductivity detection and either a Dionex AS11 or AS15
20 n column. Dissolved HS was determined gravimetrically following
€2, acidification of the fluid with a 25 wt.% phosphoric acid solution
IE 2.5 and precipitation of evolved }$ as AgS in a 3 wt.% AgNQ
o solution. For each sampling occasion, all analyses except {& H
-3.0 Magnetite were performed in duplicate. Analytical precision for all analyses is
Hematite estimated at<5% (20) except for the H 4 and HS.,, analyses
35 which are estimated at10% (2).

-4.0
log(H.)

-2.5

-3.5 -2.0

Fig. 1. Activity diagram showing phase relations in the chemical
system Fe-S-O-H at (a) 300°C, (b) 325°C, and (c) 350°C and 350 bars.
The symbols indicate measured ki, and HS., concentrations dur
ing experiments HMP (circles) and PPM (squares). The triangles in the
shaded regions are plotted against the x-axis only and show measure
H,(aq) concentrations during the sulfur-free HM1 and HM2 experi
ments. Requisite data for the construction of this diagram are from the
compilation of Johnson et al. (1992) and Toulmin and Barton (1964).

Following a reduction in temperature and an additional equilibration
period, individual alkanes or alkenes were injected into the reaction cell
with argon purged deionized water. Addition of water had the effect of
diluting the abundance of agueous contaminants in the reaction cell.

The abundance of low molecular weight aqueous organic species were

quantitatively determined as a function of time during the initial equil-
ibration phases and after injecting organic reactants.

Four experiments, designated HMP, PPM, HM1, and HM2 to indi-
cate the composition of the added redox buffer, were conducted at

The concentrations of aqueous species immediately following injec-
tion of organic reactants were calculated from the measured concen-
trations of species before injection and the amount of water added to
the reaction cell. Although much care is taken to quantitatively account
for all fluid added and withdrawn during an experiment, cumulative
errors introduce a degree of uncertainty with respect to the amount of
water remaining in the reaction cell. This uncertainty is transferred to
the calculated concentrations after each injection, but does not affect
measured concentrations in subsequent samples. In addition, tech-

ical limitations associated with reactants that are gases at room
emperature and pressure precluded accurate determination of the
amounts injected into the reaction cell. For this reason it has been
assumed that the initial concentrations of injected gaseous species
are equal to or greater than the concentration in the first sample
analyzed after an injection.

After the termination of each experiment, the solid products were
recovered from the reaction cell and analyzed by optical microscopy
and X-ray diffraction.

3. RESULTS

3.1. Dissolved H and H,S

The concentrations of dissolved,, and HS, varied

temperatures ranging from 300 to 350°C and 350 bars. During the substantially as a function of redox buffer composition and
_??‘%e”m_e”é_s ﬂ“"é C_O”]I_p%?'“orl‘ a”‘iteg‘pe""?ture were qu“_er_‘“a”%m"d‘ temperature, reflecting the effectiveness of the mineral assem-
ified as indicated in Tables 1 to 4. Organic compounds injected into ) . . o - .
experiment HMP include ethene, ethane, propene, 1-butene, and finallyblages in regulating .Chemlcal Cohdltlons during the_ e?(perl-
n-heptane. During experiment PPKtheptane was the first compound ~ Ments (Tables 1-4, Fig. 1). X-ray diffraction analyses indicated
injected followed by 1-butene. Ethene was the only species injected that all buffer minerals were present at the termination of each
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Table 1. Dissolved concentrations of selected aqueous species during heating with a hematite-magnetite-pyrite redox buffer (experiment HMP).

Time Temp. H, H,S CO, methanethane ethene acetat@ropane propene acetongropionater-butang-butanel-butene-butanone

h °C mm mm mm  pm  um ©wm pmm o oum um ©nm ©wm ©um ©mm ©wm um ©wm um
0 375 <0.001<0.01<0.01 <0.01 <0.01 <0.01 <1 <0.01 <0.01 <10 <1 <0.01 <0.01 <0.01 <10
166 375 0.053 52 5.7 156 28 0.035 na 13 0.058 na na 0.94 00691 na
168 325 Temperature reduced to 325kMBP-Stage (1)
191 325 0.063 15 54 161 28 0.022 na 13 0.058 na na 1.0 0.088 0.035 na
361 325 0.070 0.2 53 153 30 0.049 na 14 0.20 na na 1.6 0.20 0.37 na
743 325 0.088 na 5.7 150 33 0.049 na 16 0.18 na na 2.8 0.14 11 na
862 325 Injected ethene and 29.9 gtHinto reaction cell containing 14.1 g,8, HMP-Stage (2)
862 325 0.028 na 1.8 48 11 =16 na 5.1 0.056 na na 0.90 0.045 0.35 na
908 325 0.018 na 2.3 286 18 15 na 7.4 0.010 na na 13 05p.01 na
1026 325 0.017 na 3.1 311 20 0.052 na 8.7 0.028 na na 1.6 0.63 0.051 na
1606 325 0.020 1.1 4.4 313 21 0.023 na 9.8 0.018 na na 21 0-86.01 na
1703 325 Injected ethene and 14.7 glHinto reaction cell containing 27.5 g,B, HMP-Stage (3)
1703 325 0.013 0.7 2.9 205 14 =76 na 6.4 0.012 na na 1.4 0.56<0.01 na
1726 325 na na 3.4 426 21 76 na 8.0 0.10 na na 14 0.56 0.013 na
1869 325 0.023 na na na na na na na na na na na na na na
1940 325 0.015 0.8 4.8 510 23 0.024 na 8.7 <0.01 na na 1.7 0.64 <0.01 na
2277 325 0.023 1.6 57 507 23 0.035 na 9.0 <0.01 na na 1.8 0.66 <0.01 na
2348 325 Injected ethane and 25.9 giHinto reaction cell containing 14.4 g8, HMP-Stage (4)
2348 325 0.008 0.6 2.0 18%3840 0.013 na 32 <0.01 na na 0.64 0.24 <0.01 na
2396 324 0.031 1.7 2.2 197 3840 0.074 na 3.9 0.004 na na 0.80 0sa701 na
2948 324 0.029 1.6 2.3 192 3080 0.065 na 43 <0.01 na na 1.0 0.33 <0.01 na
3018 300 Temperature reduced to 300MB)P-Stage (5)
3047 300 0.021 na 2.4 193 3370 0.035 na 4.6 0.006 na na 11 04@01 na
3067 300 na na 24 199 3400 nd na 4.6 0.010 na na 1.0 040.01 na
3238 300 na na 25 196 3270 0.019 na 4.9 0.020 na na 1.2 0<63.01 na
3408 300 Injected ethene and 28.1 gaHinto reaction cell containing 13.6 g,B, HMP-Stage (6)
3408 300 na na 0.81 64 1065=189 na 16 0.007 na na 0.39 0.21<0.01 na
3428 299 na na 0.86 94 990 189 na 25 0.060 na na 0.62 0.36 0.025 na
3525 299 0.012 0.7 1.0 110 1000 0.16 na 2.7 0.013 na na 0.71 0201 na
5133 300 0.015 04 2.4 125 1065 0.010 na 4.4 0.006 na na 14 08501 na
7820 299 0.019 0.3 3.2 138 1040 0.007 na 4.5 0.004 na na 13 05801 na
7846 299 Injected propene and 17.7 gaHinto reaction cell containing 24.6 g,B, HMP-Stage (7) 2-propanol
7846 299 0.010 0.2 1.7 75 566 0.004 na 25=16 na na 0.71 0.32 <0.01 na na
7916 299 0.033 na 21 79 566 0.050 na 46 16 na na 0.75 0.34 0.028 na<100
8013 301 0.030 na 25 80 613 0.027 na 46 0.25 1750 na 0.79 0.26 nd<10 <100
8443 299 0.032 na 39 81 596 0.020 na 45 0.070 662 na 0.87 043 nd<10 <100
11301 300 0.030 0.8 7.6 91 613 0.025 176 42 0.063.0 <1 15 0.74 0.064 <10 <100
11615 300 Injected propene and 24.5 goHinto reaction cell containing 11.8 g,B, HMP-Stage (8)
11615 300 0.009 na 2.2 27 179 0.007 51 12=1200 <10 <1 044 0.22 0.019 <10 <100
11636 300 0.043 na 24 42 179 0.93 309 378 1200 7850 313 094 0.74 0.8580 1680
11707 299 0.036 na 3.7 45 191 0.17 1390 383 26 9150 479 0.92 055 1.210 <100
12022 299 0.044 na 10 51 198 0.092 4850 382 0.75 4830 191 1.1 1.7 2.510 <100
13029 299 0.045 na 24 67 195 0.022 3850 366 0.10 473 BD 1.2 320.01 <10 <100
19321 300 0.046 na na 86 198 0.003 2 321 0.0210 3 25 16 <0.01 <10 <100
19364 299 na na 33 87 199 0.021 na 297 0.031 na na 2.6 1-80.01 <10 na
19415 299 Injected 1-butene and 32.7 gCHinto reaction cell containing 7.4 g,®, HMP-Stage (9) butyrate isobutyrate
19415 300 na na 53 14 32 0.003 na 48 0.005 na na 042 &30 <10 <5 <5
19437 301 0.020 na 56 23 32 0.063 170 53 0.4510 7 74 na 30.4 240 <5 <5
19510 300 na na 56 29 32 0.019 330 54 0.4610 27 5.6 0.37 11 294 <5 <5
19605 301 0.017 na 59 31 33 0.029 502 55 0.29:10 46 3.1 0.51 0.005 181 <5 <5
19918 300 0.017 na 6.1 32 34 0.015 599 55 0.1%10 30 3.2 0.60 0.002 17 6 33
20063 300 Injected ethene and 17.0 gCHinto reaction cell containing 19.3 g8, HMP-Stage (10) ethanol acetaldehyde
20063 300 na na 32 17 18=2060 319 29 0.059<10 16 1.7 0.32 <0.01 9 <100 <100
20085 300 na na 43 377 73 2060 13300 62 4.7 467<1 4.6 0.26 <0.01 <10 1020 1230
20204 299 na na 6.7 425 84 1.0 16800 64 0.073 134<1 3.0 044 <0.01 <10 <100 <100
23037 299 0.016 0.2 na na na na 2910 na na <10 <1 na na <0.01 <10 <100 <100
23085 299 na na 35 627 92 0.018 na 67 0.012 na <1 3.4 0.82 <0.01 <10 na na

na = not analyzed

mm = mmolal
wm = umolal
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Table 3. Dissolved concentrations of selected aqueous species during heating with a pyrite-pyrrhotite-magnetite mineral assemblage (experimen
PPM).*

n- i- 1- 2- 2- n-
Time" Temp. H, H,S CO, methaneethaneetheneacetatepropanepropeneacetonepropionatebutanebutanebutenebutanolbutanonebutyrateisobutyrateheptane
h °C mm mm mm  pm pm oopm o opm ©nm um um ©um pm o opm o opm o oum ©nm um ©um mm

3679 300 Injected 1-butene and 27.1 glHinto reaction cell containing 13.9 g,8, PPM-Stage (3)

3679 300 0.011 na 0.51 103 67 0.031 na 49 0.41 na na 23 =6BBO0 <80 na na na 1.8
3699 300 0.92 na 0.58 128 88 3.6 230 83 5.6 144 30 nd nd 6560000 79300 403 60 35
3797 300 049 24 0.82 160 105 2.4 477 114 25 422 95 8100 90 470 80 142000 1090 374 25
4059 300 0.37 na 1.7 277 183 25 973 182 6.9 1410 303 9600 200 318D 135000 1660 542 2.2
4708 299 034 na 43 470 292 2.1 2590 306 16 3920 1010 13000 380 nd80 120000 3040 970 1.9
4732 325 Heated to 325°C and injected 25.3 ghHnto reaction cell containing 15.2 g,8, PPM-Stage (4) <80

4732 325 0.13 na 1.6 177 110 0.79 974 115 0.38 1474 380 4887 109 nd80 45113 1143 365 0.71
4802 324 047 na 21 241 148 3.8 1300 179 10 1790 453 5730 211 318D 44900 1230 387 0.82

5741 324 043 na 86 709 373 3.0 2920 553 22 5050 1440 6150 561 nd80 32100 2120 913 0.60
6409 324 042 35 14 1030 540 2.8 4500 1000 28 6440 2000 7920 880 nd80 23900 2500 1190 0.64
6481 350 Heated to 350°C and injected 18.1 gDHnto reaction cell containing 22.3 g.B, PPM-Stage (5) <80

6481 350 0.23 19 7.7 569 298 15 2486 552 15 3558 1105 4376 486 nd80 13204 1381 657 0.35
6506 348 0.59 na 8.6 664 360 7.1 3030 710 22 3780 1110 5510 647 nd80 12600 1290 667 0.50
6653 349 0.60 na 12 989 557 7.5 3600 977 25 4600 1060 6470 814 nd80 11800 1800 709 0.57
7541 349 0.59 85 29 2380 1170 45 5050 1830 25 5450 707 4560 897 nd80 5360 250 580 0.21
11620 349 0.64 8.3 61 5630 2390 1.9 2610 3760 9.1 2150 245 3820 908 rd80 858 40 140 0.070

na = not analyzed

nd = no data due to coelution of chromatographic peaks

mm = mmolal

pwm = umolal

*The data shown here are from a continuation of experiment PPM (Table 2).
Time from initial heating. See Table 2 for stages (1) and (2) of this experiment.
*Reported value is the sum of all possible butene isomers.

experiment. Reaction of PPM at 325°C resulted ik and methane, ethane, ethanol, acetaldehyde, acetic acid, and carbon
H,Saq) concentrations of approximately 0.4 and 4 mmolal, dioxide. Except for carbon dioxide, all oxygenated organic
respectively, compared with 0.03 and 1 mmolal during the alteration species underwent secondary reactions and initial
HMP experiment. In general, measured concentrations,gf H increases in concentration during the early stages of reaction
and H,S,q were consistent with values predicted from ther  were followed by decreases. Although the absolute amount of
modynamic data for reactions (1)—(4) indicating attainment of ethene injected could not be determined, constant mass balance
thermodynamic equilibrium (Fig. 1). These data clearly indi- on total carbon in later fluid samples suggests that all major
cate that for a given temperature, PPM equilibrium produced a alteration products were identified (Fig. 2a). The abundances of
more reducing environment with higher,$},,, activity rela oxygenated organic alteration products were not determined
tive to equilibration of HMP and HM. The rapid return ob{, following ethene injection at 325°C. Generation of methane,
and HSqq, concentrations to equilibrium values following  ethane, and carbon dioxide, however, indicates the occurrence
perturbation of the chemical system either by injection ¢f H  of reactions similar to those during the 300°C phase of the
and H,S-free water or temperature change indicates that the experiment (Table 1).
rates of mineral reactions were sufficiently rapid to buffer the  Reaction following injection of ethane at 325°C resulted in
chemical environment despite other redox dependent reactionsihe production of ethene and carbon dioxide and consumption
involving agueous organic species. of ethane (Fig. 2b). In contrast to increasing concentrations
Following injection of NgS,0; into experiment HM2, the  following ethene injection, methane abundance remained con-
presence of B in fluid samples was confirmed by its strong  stant, Poor mass balance on total aqueous carbon indicates the
characteristic odor. Absolute,;8 concentrations, however, can presence of species not accounted for during this experiment
only be constrained te=0.5 mmolal due to the relatively high (Fig. 2b). Ethanol, acetaldehyde, and acetic acid, which were
detection limits associated with the gravimetric method used ¢ analyzed, represent likely candidates. Reducing tempera-
for hydrogen sulfide determinations. ture from 325 to 300°C resulted in decreased ethene abun-
dance. Methane and carbon dioxide concentrations remained
3.2. Aqueous Organic Compounds constant while the ethane concentration increased slightly.
Propene abundance decreased rapidly following injection at
300°C and produced a product assemblage that included rela-
Reaction of alkenes and alkanes with the HMP mineral tively minor quantities of methane, ethane, and propionic acid,
assemblage produced large and rapid changes in fluid compo-in addition to more abundant propane, 2-propanol, acetone,
sition (Tables 1 and 2, Figs. 2 and 3). Ethene abundance acetic acid, and carbon dioxide (Fig. 2c). Except for carbon
decreased rapidly following injection at 300°C and resulted in dioxide, methane, and ethane, all other products underwent
the production of a variety of alteration products including secondary reactions resulting in decreased concentrations dur-

3.2.1. Hematite-magnetite-pyrite experiment
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Table 4. Dissolved concentrations of selected aqueous species during heating with a hematite-magnetite mineral assemblage.

2- n- i- 1- 2- 2-
Time Temp. H, H,S CO, methaneethane ethene ethanolacetatepropane propene acetonepropionatepropanolbutanebutanebutenebutanonebutanol
h ° mm mm mm  um  gm um pmoopm o opm wm nm um nm Mmoo opm o oum nm um

Experiment HM1
0 326 <0.001<0.01<0.01 <0.01 <0.01 <0.01 <100 <10 <0.01 <0.01 <10 <100 <100 <0.01<0.01 <0.01 <100 <100

99 326 0.026<0.01 45 6.3 1.2 0.17 na na 0.96 1.2 na na na na na na na na
145 326 0.026<0.01 44 6.2 1.3 0.16 na na 0.85 1.4 na na na na na na na na
171 325 Injected ethene and 16.7 gQHinto reaction cell containing 21.5 g,8, HM1-Stage (1)

171 325 na <0.01 25 3.5 0.73=283 na na 0.48 0.8 na na na na na na na na

222 326 na <0.01 238 6.2 2.4 283 na na 0.67 1.0 na na na na na na na na
243 326 0.020<0.01 na na na na na na na na na na na na na na na na
288 326 na <0.01 27 8 3.7 174 na na 1.0 11 na na na na na na na na
335 326 na <0.01 27 10 5.3 156 na na 0.78 1.0 na na na na na na na na
406 326 na <0.01 na na na na 411 na na na na na na na na na na na

Experiment HM2
0 350 <0.001<0.01<0.01 <0.01 <0.01 <0.01 <100 <10 <0.01 <0.01 <10 <1 <100 <0.01<0.01 <0.01 <10 <100

385 347 0.040<0.01 na na na na na na na na na na na na na na na na

389 325 Lowered T to 325°GiM2-Stage (1)

412 325 NA <0.01 46 81 47 3.1 <100 444 30 27 101 10 na 48 na 49 37 <100

581 325 0.030<0.01 4.6 88 50 2.3 <100 442 32 25 114 9 <100 47 na 56 43 <100

677 325 Injected propane and 22.9 glHinto reaction cell containing 15.3 g,B, HM2-Stage (2)

677 325 0.012<0.01 18 35 20 0.92<100 177 13 =2240 46 4 <100 19 na 22 17 <100

771 325 0.025<0.01 2.1 46 23 1.2 <100 221 64 2240 347 44 1960 20 na 25 20<100
3773 325 0.021<0.01 3.8 143 58 1.2 <100 825 206 146 2840 24 <100 73 28 58 83 <100
4111 325 |Injected 1-butene and 23.2 glHinto reaction cell containing 21.5 g,B, HM2-Stage (3)
4111 325 0.010<0.01 1.8 69 28 0.58<100 402 99 70 1365 12 <100 35 13 =923 40 <100
4179 325 0.020<0.01 19 72 34 0.79<100 431 97 50 1390 11 <100 nd nd 928 61 182
4782 325 0.025<0.01 2.3 92 37 0.98<100 459 106 46 1400 16 <100 nd nd 489 155 <100
5979 325 0.028<0.01 2.8 131 49 0.85<100 563 119 33 1410 17 <100 nd nd 388 269 <100
6049 325 Injected 1.01 mmolal B8,05 and 25.4 g HO into reaction cell containing 16.5 g,B, HM2-Stage (4)
6049 325 0.011 P 11 52 19 0.34100 222 47 13 555 7 <100 nd nd 151 106 <100
6074 325 0.022 P 11 57 22 0.46:100 257 51 12 535 10 <100 nd nd 164 107 <100
6245 325 0.022 P 13 99 50 1.7<100 369 83 13 481 22 <100 69 48 11 94 <100
6747 325 0.024 P 21 164 79 2.9<100 653 122 8.3 345 25 <100 63 101 15 50 <100

na = not analyzed

nd = no data due to coelution of chromatographic peaks
mm = mmolal

wm = umolal

P = presence confirmed by odor

"Reported value is the sum of all possible butene isomers.

ing the later stages of reaction. Mass balance on total aqueousrelatively minor amounts ofbutane n-pentane ana-hexane.
carbon indicates a small decrease with continued reaction thatBased on the amount afheptane injected into the reaction cell
is difficult to distinguish from the analytical uncertainty, but during HMP-stage 12, the calculated initi@heptane concen-
may suggest the presence of unidentified alteration products attration was 128 mmolal, a value that is generally consistent
relatively low concentrations (Fig. 2c). with the measured concentrations that varied from 76 to 151
Injection of 1-butene at 300°C produced trends similar to the mmolal. This concentration range is below the aqueous solu-
propene experiment that involved a corresponding assemblagebility at 300°C and 350 bars, but exceeds the saturation limit at
of C, alteration products (Fig. 2d). Rapid reaction of 1-butene 25°C and 1 bar (Price 1981). Accordingly, the non-systematic
resulted in the generation ofbutane, 2-butanone, acetic acid, trends in the observed-heptane concentrations likely reflect
carbon dioxide and minor methane. Mass balance on total exsolution ofn-heptane on the walls of the sampling tube and
aqueous carbon indicates that the majority of alteration prod- valve in response to cooling during fluid withdrawal. Because
ucts were accounted for during this experiment (Fig. 2d). previously condensen-heptane could be swept into the sam-
The first attempt at injecting-heptane into experiment HMP  pling syringe during removal of subsequent replicate samples,
resulted in an exceedingly low agueous concentration of this measured errors in the reported values are both positive and
compound (HMP-stage 11; Table 2). Because the abundance ofnegative. The large uncertainties associated with the measured
n-heptane alteration products after this initial injection were n-heptane concentrations preclude meaningful total mass bal-
insignificant relative to the concentrations of organic species ance on aqueous carbon during this experiment. Mass balance
preexisting in the reaction cell, a second aliquondieptane on the analyzed alteration products, however, indicates that a
was injected at 24142 h (HMP-stage 12; Table 2). As might be minimum of 12.7% of the initial 128 mmolatheptane decom-
expected, reaction of longer chain aqueadSeptane in the posed during this phase of the experiment.
presence of HMP produced an assemblage of alteration prod- In addition to saturated hydrocarbons;Cs carboxylic acid
ucts with significantly greater compositional diversity than the anions were generated durimgheptane decomposition. The
shorter chain reactants (Table 2, Fig. 3). Ethane was the mostconcentration of acetic acid exceeded that of the other acids by
abundantn-alkane generated followed by propamebutane, more than an order of magnitude attaining a concentration of
and methane in order of decreasing abundance in addition to10.5 mmolal after 3480 h (Table 2). Carbon dioxide was by far
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CONCENTRATION (mmolal)
CONCENTRATION (mmolal)

Fig. 4. Variations in the concentrations of selected aqueous species
as a function of time during heating efheptane at 300°C in the
presence of a pyrite-pyrrhotite-magnetite redox buffer (PPM-Stage 2).
The data are plotted as a function of time elapsed since injection of
n-heptane into the reaction cell.

Fig. 3. Variations in the concentrations of selected aqueous species
as a function of time during heating ofheptane at 300°C in the
presence of a hematite-magnetite-pyrite redox buffer (HMP-Stage 12).
The data are plotted as a function of time elapsed since injection of
n-heptane into the reaction cell.

the most abundant alteration product, however, reaching a final €Xc€eds the aqueous S°|Ub'|'t3;]at 25°C and 1 bar and suggests
concentration of 82 mmolal. This value is almost an order of (N€ Measured abundances mheptane may not accurately

magnitude higher than the 1.04 mmolal ethane which was the reflect concentrations inside the reaction cell due to exsolution
most abundant saturated hydrocarbon product. Qualitative durin_g s_ampling. Mass balgn_c_e on the analyzed alteration _prod-
GCMS analysis indicated the presence of equimolar amounts of ucts indicates 2.5% of the initiatheptane decomposed during

2-heptanone, 3-heptanone, and 4-heptanone in solution. Anal-this_ experiment, a valu_e significantly_ lower than the 12.7%
ysis of C, alkene isomers was hindered by co-elution of the during the HMP experiment. Assuming that the ratenef
extremely largen-heptane peak during chromatographic sepa- heptane decomposm(?n is first order or grgater with respect to
ration. Nonetheless aqueous 2-heptene was positively identified nl-ljeptane ?O“C‘?”‘ra"on* these results |nd|cat.e faster decompo-
by GCMS. The results of qualitative GCMS analysis indicate SIion reactions in the presence of HMP relative to PPM.

that increasing amounts of toluene and benzene formed with Following ’Fhen-heptane _phase of the experiment, |r_11ect|o_n
continued reaction during the experiment. of 1-butene into the reaction cell at 300°C resulted in rapid

reaction to initially form 2-butanol, 2-butanone, andutane
(Table 3, Fig. 6). GCMS analysis indicated rapid isomerization
of 1-butene to produce all possible butene isomers before
Decomposition of aqueousheptane at 300°C in the pres-  withdrawal of the first fluid sample. Subsequent reactions re-
ence of the PPM buffer produced an aqueous alteration assem-sulted in the disappearance of 2-butanol and decreasing con-
blage that contained the same compounds as were observeaentrations of 2-butanone, whikebutane continued to increase
during n-heptane decomposition in the presence of the HMP in abundance along with carbon dioxide, methane, ethane,
buffer, but at different relative abundances. For example, in propane,i-butane, and acetone. Butyric acid was the most
contrast to the HMP experiment, methane was the most abun-abundant carboxylic acid generated at 300°C, followed by
dant saturated hydrocarbon produced followed by ethane, pro-acetic, propanoic, and isobutyric acid in order of decreasing
pane,n-butane,i-butane,n-pentane, and-hexane in order of abundance. Mass balance on total aqueous carbon during the
decreasing abundance (Table 2, Fig. 4). The amounts- of  300°C phase of the experiment indicates decreasing abundance
pentane and-hexane generated were significantly less than the with time (Fig. 6). This trend may reflect sampling related
shorter chaim-alkanes resulting in a sharp deflection in the artifacts due to agueous butene amtbutane concentrations
trend of increasing hydrocarbon abundance with decreasingthat exceeded their aqueous solubilities at 25°C and 1 bar.
chain length, as was observed during the HMP experiment (Fig. Reactions following the increase in temperature to 325°C
5). The molal amounts of carbon dioxide produced were similar while at the same time injecting deionized water did not change
to then-alkanes. Other oxygenated products identified included the relative abundance of generated products significantly ex-
C,-C; carboxylic acids and all possible,®etone isomers. cept for a large increase in the relative abundance of acetic acid.
The calculated aqueousheptane concentration following A subsequent temperature increase to 350°C and injection of
injection during experiment PPM is 12.7 mmolal, a value that deionized water, however, resulted in decomposition of many

3.2.2. Pyrite-pyrrhotite-magnetite experiment
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alteration products that were generated during the earlier lower
temperature stages of reaction. In addition to acetone, 2-bu- 07
tanone, anah-butane, all organic acids decreased in concentra- I 3s0°C
tion after 5139 h of reaction at 350°C, while-C; saturated _ : : {
hydrocarbons and carbon dioxide abundances increased. I /‘
. . . z @ !
3.2.3. Hematite-magnetite experiments O3¢s:
5 i3 -O- Acetic Acid
The composition and temporal variations in the concentra- 2| =0~ Propionic Acid
tions of aqueous alteration products during experiments HM1 £ 2 Butyric Acid
and HM2 were generally similar to experiment HMP, although St
the rates of individual reactions were considerably slower (Ta- 3 H

ble 4, Fig. 7). In particular, injected alkenes persisted at con- 1000 4000 5000 6000 7000 8000 000 10000 1000 12000
centrations considerably higher than their corresponding TIME (n)

alkanes for thousands of hours during experiments HM1 and

HM2 in contrast to the HMP experiment where relatively fast Fig. 6. Variations in the concentration of selected aqueous species
reaction resulted in rapidly decreasing concentrations to levels during heating of 1-butene in the presence of a pyrite-pyrrhotite-

. S magnetite redox buffer (experiment PPM). The temperature of the
below those of correspondingalkanes. Ethene injection into experiment was initially 300°C (PPM-Stage 3) but was subsequently

experiment HM1 was accompanied by the slow production of increased to 325°C (PPM-Stage 4) and 350°C (PPM-Stage 5) at the
ethane and methane and substantially higher concentrations ofindicated times. Injection of argon-purged deionized water accompa-

ethanol. The abundance of other species such as acetic acid andied the addition of 1-butene and subsequent temperature increases
acetaldehyde were not measured during this experiment. Injec- resulting in decreased concentrations of preexisting aqueous species.
tion of propene into experiment HM2 resulted in the formation

of 2-propanol which subsequently decomposed to produce ac-reaction. Other products included 2-butanone, acetic acid, car-
etone, acetic acid, carbon dioxide, methane and propane (Fig.bon dioxide and methane. Rapid isomerization of 1-butene
7). Injection of 1-butene was followed initially by the produc- resulted in the formation of all stablebutenes in near equal
tion of 2-butanol which decreased in abundance with continued amounts. Reaction rates increased dramatically following ad-
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25 - i i 2 dehyc_:le, a_cetic acid, and final_ly (z‘(D:_ig. 2_a). This sequence of

j HW2Stge (2) { HMZStage(3) i HM2-Stage (4) | reactions is shown schematically in Figure 8a. Although the
abundances of all oxygenated products were not determined
following ethene injection at 325°C, the rapid decomposition of
ethene accompanied by the production of C&hd ethane
suggests similar processes were occurring at this higher tem-
perature.

In general, reaction of propene and 1-butene at 300°C in the
presence of HMP occurred via a sequence of reactions that
| were similar to ethene decomposition (Figs. 8b,c). Hydration of

0 propene resulted in the production of 2-propanol which was
subsequently oxidized to acetone. The absence of significant
amounts of 1-propanol and propionaldehyde indicates that
these hydration and oxidation reactions are specific to the
interior carbon of the double bond. Reaction of 1-butene in the
presence of the HMP and PPM redox buffers at 300°C was
characterized by the same specificity favoring the formation of
2-butanone over butyraldehyde. Measurable quantities of 2-bu-
tanol during the early stages following 1-butene injection into
experiment PPM suggest that this reaction proceeded through
an alcohol intermediary. The abundance of 2-butanol was be-
low detection during the HMP experiment, a likely result of
oxidation to form 2-butanone at a rate sufficiently rapid to
preclude accumulation in solution. Addition of hydroxyl to the
interior carbon of double bonds (Markovnikov addition) sug-
gests that hydration reactions may involve an ionic mechanism
(Streitwieser and Heathcock, 1981).

In contrast to the decomposition of acetaldehyde which
underwent oxidation to form acetic acid, decomposition of
2-ketones involved C-C bond cleavage to produce alteration
products of decreased carbon chain length. Following injection
< L ‘ . . L of propene into experiment HMP, the maximum rate of acetic
400 1400 2400 3400 4400 5400 G400 7400 8400 acid production coincided with the maximum in agqueous ace-

TIME (h) tone concentration (Fig. 2c). Subsequent acetone decomposi-
tion was accompanied by increases in the concentration of

Fig. 7. Variations in the concentration of selected aqueous species carbon dioxide and acetic acid that were similar in magnitude
during heating of propene and 1-butene in the presence of a hematite-, 1o acetone decreases. These trends suggest acetone decom-
magnetite redox buffer (experiment HM2) at 325°C. Propene was .. . .
injected at 677 h, 1-butene at 4111 h, and,Bi0, at 6049 h. position occurs via oxidation to produce equal amounts (molal

basis) of carbon dioxide and acetic acid. Decomposition of

2-butanone generated after injection of 1-butene into experi-
dition of Na,S,0; to the system, resulting in rapid methane, ment HMP, however, resulted in the production of approxi-
ethane, propane amdbutane production and rapid decreases in mately two moles of acetic acid for each mole of 2-butanone
the abundance af-butenes (Fig. 7). Constant total carbon mass during the period immediately following the maximum in 2-bu-
balance during experiment HM2 suggests that the majority of tanone concentration (Fig. 2d). These data suggest that 2-bu-

Ingd
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0.25 F: -O-Ethane
i | -&Propane

020 [} -O-n-Butane

1-butene inj. -
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Fi propeneinj.

CONCENTRATION (mmolal)
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carbon species present were analyzed. tanone decomposition occurs via cleavage of the interior C-C
bond adjacent to the carbonyl group to form two acetic acid
4. DISCUSSION molecules. Although similar mass balance is not possible dur-

ing the PPM experiment due to competing reactions (see be-
low), the production of abundant acetic acid, especially at
Results of the experiments indicate that aqueous alkane and350°C, suggests 2-butanone decomposition proceeded through
alkene decomposition at elevated temperatures and pressures similar reaction path.
follows a reaction path that involves reduction, oxidation, and  Oxidation of acetic acid produced during oxidative degrada-
hydration. Some of these transformations involve parallel pro- tion of ethene, propene and 1-butene in the presence of HMP is
cesses while others are clearly sequential. Ethene reduction inindicated by the continuous production of G@lthough de
the presence of HMP at 300°C, for example, resulted in the creases in acetic acid concentration were not always apparent
rapid production of ethane while simultaneous hydration fol- due to simultaneous production by oxidation of ketones or
lowed by oxidation produced oxygenated products. Temporal acetaldehyde. Complete conversion of acetic acid to carbon
variations in the appearance and disappearance of reactiondioxide was observed following injection of propene into ex-
products suggests that ethene initially undergoes a hydration periment HMP (HMP-stage 8), which continued for sufficient
step to form ethanol, which is sequentially oxidized to acetal- duration to exhaust the acetic acid source (acetone oxidation).

4.1. Reaction Pathways
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H,C—CH; ——= H,C=CH, + H
(a) 3ethane 3 2ethene 2 2
HyC—CH,
ethanol
\ ?l
H3C—CH + Hz
acetaldehyde
H, H
(b) HC—C—CH; ——= H,C=C—CHj + H, +HN 0
propane propene

1]
HC—C—OH + H,
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|
H;C—C—CH; + 2H2}\
H

2-propanol 2C0, + 4H,

N

H;C—C—CHs + H,
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+3H& 0
Il

Hz H H3C_c—OH + c02 + 4H2
(c) H3C—C—ﬁ—CH3 — H2C=C—ﬁ—CH3 + H, acetic acid
2

2
n-butane 1-butene + ZHN
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|
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H H,
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Il
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+3HA‘ )
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2H,C—C—OH + 3H,
acetic acid

+4H20
4C0, + 8H,

Fig. 8. Schematic representation of reduction, hydration, and oxidation reactions observed during experiments heating (a)
aqueous ethane or ethene, (b) aqueous propene, and (c) aqueous 1-butene in the presence of iron-bearing mineral
assemblages that buffered redox and the activity of aqueous hydrogen sulfide.

It is generally assumed that decarboxylation to produce however, during experiment PPM where acetic acid decompo-
equimolar amounts of CHand CQ is responsible for acetic  sition was accompanied by substantially higher amounts of
acid decomposition under hydrothermal conditions (Carothers methane production at all temperatures to produce carbon di-
and Kharaka, 1978; Kharaka et al., 1983; Palmer and Drum- oxide/methane ratios of approximately 10. Presently, it is not
mond, 1986; Bell and Palmer, 1994; Bell et al., 1994). Rela- clear whether differences in the chemical pathways responsible
tively minor amounts of CH production indicates that acetic  for acetic acid decomposition are due to variations in the redox
acid decarboxylation was occurring at a substantially slower state of the chemical system or the presence and absence of
rate than oxidation during experiment HMP, resulting in carbon catalytically active mineral surfaces.

dioxide/methane ratios in excess of 100. This was not the case, Formation of propionic acid following 1-propene injection
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during experiment HMP and, to a greater extent, butyric acid

H H
following injection of 1-butene during experiment PPM indi- (1) R H (': H R H ‘I; H o+ H
cates some oxidation of agueounsalkenes at the terminal A - Y z
carbon, but at a rate substantially slower than oxidation at the H H H H
n-alkane n-alkene

2 position (Tables 1 and 3). Oxidation of alkenes to their
corresponding acids likely involved terminal alcohol and alde- H OH

hyde intermediaries. The low concentrations of longer chain (3) g B el . O R T ¢ A

organic acids notwithstanding, their production demonstrates ¢ ~C; z ¢ |-|| C—H

that reaction paths exist under hydrothermal conditions for the H H H H
n-alkene 2-alkanol

production of G, organic acids via oxidation of the cofre
spondingn-alkane.

. I . - (o] o
Hydration and oxidation reactions that regulate the stability @) R H (I: H R H g
. . o /
of alkenes will also influence the stability of saturated aqueous \(l:/'_l'\c\—H — \tl:/ ‘cI: H * H
hydrocarbons. The generation of ethane, propanepdndane H H H H
following injection of the corresponding alkenes during the 2-alkanol 2-alkenone
experiments, as well as the production of ethene following
ethane injection, demonstrates that aqueous alkenes and their o
corresponding aqueous alkanes react reversibly according to 4y g H ('.1 H ﬁ H ('.1
the general reaction: (4) Rag-Cagly + 3H,0 > C._* H—C” “oH * M
: 1 ] R OH |
H H H
C.Honio = CH,, + Hy (6) 2-alkenone carboxylic acids
alkane  alkene oxidation
. . I . . + XHQO
Additional evidence for the reversibility of reaction (6) is (8} ¢ > 2+ yH,

provided by decreased ethene concentrations following a re- R” “OH
. . R R . 2. carboxylic acids H
duction in temperature to 300°C during experiment HMP. This ) R _
decarboxylation

/
decrease is consistent with thermodynamic data for reaction (6) CoH *+ CO

that predict higher ethane/ethene activity ratios for a given n_aika:e
H.(aq) activity with decreasing temperature (Johnson et al., W 0 oxidation

1992). Previous experiments have demonstrated that ethane and —\c’c\ou + 21,0 2C0, + 4H,
ethene may attain a state of reversible redox-dependent ther- T

modynamic equilibrium in the presence of a PPM mineral acgﬁc acid

buffer under hydrothermal conditions (Seewald 1994). Because decarboxylation CH, + CO,

reaction (6) represents an effective means to generate alkenes
from alkanes under hydrothermal conditions, the sequence of
reactions responsible for the oxidative decomposition of alk-
enes may also regulate the abundance of alkanes. Indeed,
decreasing propane amebutane concentrations following the  from the Guaymas Basin hydrothermal system. Additional ex-
initial increases that accompanied injection of propene and perimental work demonstrated a key role for long chain alkenes
1-butene during experiment HMP at 300°C are consistent with during oxidation and reduction reactions that produce ketones
a reversal in the direction of alkane-alkene equilibration via and n-alkanes (Leif and Simoneit, 2000). These studies in
transformations equivalent to reaction (6) as alkene concentra-conjunction with the results presented here demonstrate the
tions decreased with time due to oxidative decomposition. general applicability of stepwise oxidation as a mechanism for
Thermal cracking was not responsible for these decreases sinceghe decomposition of both long and short-chain hydrocarbons
such a reaction would produce significant quantities of shorter under hydrothermal conditions.
chain saturated and unsaturated hydrocarbons, which were not Steps (4) and (5) involve oxidation reactions that produce a
observed. decrease in carbon chain length. Oxidation of ketones in the
The stepwise oxidation afi-alkanes can be represented in  fourth step produces two organic acids and always involves
general by the sequence of reactions outlined in Figure 9. The cleavage of the interior C-C bond adjacent to the carbonyl
formation of terminal alkenes in the first reaction of the se- functional group. Two possible reaction paths are indicated in
quence is for illustrative purposes only since oxidation of the fifth and final step of the oxidative degradation pathway
longer chain alkanes may also proceed through the formation of reflecting variations in the relative rates of acetic acid decar-
non-terminal alkene intermediaries. The second step involves boxylation and oxidation. Experimental results show that both
the specific hydration of the interior carbon associated with the reactions proceed but the relative contribution to acetic acid
double bond while further oxidation results in the conversion of decomposition varies with redox conditions and/or minerals
the hydroxyl functional group to form a ketone. The first three present. An important feature of the above reaction scheme is
steps of this sequence are analogous to the reaction schemehat shorter chaim-alkanes produced via decarboxylation of
postulated by Leif and Simoneit (1995) as being responsible for C;, organic acids are subject to the same set of stepwise
the generation of long chain ketones during hydrous pyrolysis oxidation reactions and will result in the production of addi-
of model compounds and in petroleum and sediment extracts tional organic acids. Owing to the specificity of steps (2) and

Fig. 9. Generalized reaction scheme for the oxidative decomposition
of aqueous-alkanes under hydrothermal conditions.
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(4), oxidative decomposition of C, n-alkanes can only result  limited significance, however, since oxygen exchange between
in the generation of acetic acid, whilegC n-alkanes will magnetite and water readily occurs during equilibration of the
produce longer chain acids in addition to acetic acid. Accord- fluid with the mineral redox buffer.
ingly the occurrence of acetic acid as a major alteration product  The results of these experiments demonstrate that the pres-
is an unavoidable consequence of aquematkane oxidation ence of water and redox sensitive minerals facilitate a variety of
as shorter chaim-alkanes accumulate in solution. reactions that may not be available in dry and/or mineral free
Changes in fluid composition during reaction reheptane environments. Whereas thermal crackingnedlkanes such as
with the HMP buffer at 300°C confirm that reactions similar to n-heptane under dry conditions produces a combination of
those responsible for the decomposition of aqueoysCgC shorter chain saturated hydrocarbons and alkenes (Appleby et
straight chain hydrocarbons influence the stability longer chain al., 1947), aqueous oxidative decomposition produces shorter
compounds. Aqueousheptane decomposed in the presence of chain saturated hydrocarbons, carbon dioxide, and abundant
HMP to produce an assemblage of aqueous alteration productsacetic acid.
dominated by butane, propane, ethane, acetic acid, and carbon

dioxide, with conspicuously lower amounts of methane, 4.2. Thermodynamic Constraints
pentane andi-hexane (Table 2, Fig. 5). This distribution of ) ) . .
products can be accounted for by the initial oxidationnef Although reaction between two chemical species provides

heptane to forrm-heptenes with the double bond distributed direct eyidence for_a thermody_nami(_: (_Jlrive and the availab_ility
throughout the 1, 2, and 3 positions. Hydration and addition of of a suitable reaction m_ech_anlsm, it is gene_rally not gbwous
a carbonyl group to the interior carbon of each double bond whether a lack of reactlon_ is the result of kinetic barriers or
followed by oxidative cleavage of the interior C-C bond adja- Unfavorable thermodynamics. In recent years the enormous
cent to the carbonyl group would produce a series of organic 9rowth in the availability of data for the thermodynamic prop-
acids with a maximum chain length of five. Indeed, all possible ©rties of aqueous organic species at elevated temperatures and
agueous-heptene and-heptanone isomers and straight chain Pressures has provided a framew_ork to address this issue be-
C,-C, organic acid anions were identified in solution during the Cause the energy state of a chemical system can be estimated
HMP experiment. High concentrations of these intermediaries, (Shock and Helgeson, 1990; Helgeson 1992; Shock and Ko-
however, were not realized in solution due to subsequent de- €tSky, 1993; 1995; Schulte and Shock, 1993; Shock 1995;
composition reactions and thermodynamic constraints that may Amend and Helgeson, 1997a,b,c; Helgeson et al., 1998; Rich-
limit product/reactant ratios. Decarboxylation of propionic, bu- ard and Helgeson, 1998; Amend and Helgeson, 2000; Plya-
tyric, and valeric acids duringr-heptane decomposition is ~ SUNov and Shock, 2000a; 2000b_). The extent to which selecte_d
indicated by the generation of a product assemblage containing©"9anic reactions may have attained a state of thermodynamic
abundant ethane, propameputane and carbon dioxide. De- _equnlbrlum Was_ey_aluated durln_g the experlmer_ns by ca_lculat-
spite considerably higher acetic acid concentrations relative to N9 chemical affinities 4) according to the following relation-
the other organic acids, the relatively low amounts of methane SNiP:
and ab_undant carbon_ dioxide suggests that acetic acid decar- A = — RTIN(Q/Ky) @
boxylation was occurring, but at a substantially slower rate than
oxidative decomposition, consistent with the results observed whereR is the ideal gas constarit,is temperature in kelvirQ
during heating of ethene, propene, and 1-butene in the presences the reaction quotient and. is the equilibrium constant.
of HMP. Values ofQ for individual reactions were calculated from
Reaction ofn-heptane in the presence of the PPM buffer also measured fluid compositions and the assumption that activity
resulted in greater production of,£C, n-alkanes relative to coefficients for all aqueous species are equal to unity. For the
n-pentane and-hexane consistent with decomposition by step- purpose of these calculations it was assumed that carbonic and
wise oxidation (Fig. 5). In contrast to the HMP experiment, carboxylic acids existed predominantly as fully protonated spe-
however, considerably less carbon dioxide was generated andcies. This assumption is only valid at in situ pH values lower
methane was the most abundant hydrocarbon. Abundant meth-than the [, values of these acids. Although in situ pH cannot
ane generation indicates an increased rate of acetic acid decarbe unequivocally determined during these experiments, reac-
boxylation relative to oxidation in the presence of the PPM tion path modeling using the computer code EQ3/EQ6 (Wol-
buffer. ery, 1992; Wolery and Daveler, 1992) predicts that equilibra-
Formation of saturated hydrocarbons and oxygenated com-tion of deionized water with the HM, HMP and PPM mineral
pounds according to the reactions outlined above requires assemblages results in situ pH values of 5.5, 5.0 and 4.9,
sources of hydrogen and oxygen. Possible sources of hydrogenrespectively. Because thé&p values of carbonic and carbox
in the experiments include water and/or the disproportionation ylic acids increase to values 6 at the temperature and pres-
of hydrocarbons to form unsaturated products, while sources of sure conditions of these experiments, the assumption that or-
oxygen include water and/or magnetite. The production of ganic acid anions exist predominantly as protonated species is
aqueous hydrogen in response to equilibration of the mineral appropriate. Values oK., for the reactions considered were
assemblages with water as well as the absence of large scalecalculated from thermodynamic data and equations of state for
formation of unsaturated hydrocarbons suggests that requisiteaqueous organic species,,Hand H,O contained in the com
hydrogen for hydrocarbon formation was derived from water pilation of Johnson et al. (1992) with additional thermodynamic
during the experiments. Oxygen may also be derived from data from Shock (1995). At thermodynamic equilibriughand
water during these experiments but cannot be distinguished K, are equal, and expression (7) reduces to zero. Positive
from magnetite-derived oxygen. This distinction may be of affinities indicate that a thermodynamic drive exists for a
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Fig. 10. Calculated chemical affinities for selected redox dependent reactions during experiment PPM (diamonds), HM1
and HM2 (triangles), and HMP (circles). A positive affinity indicates a thermodynamic drive for a reaction to proceed from
left to right as written while a negative affinity indicates the opposite.

reaction to proceed from left to right as written while negative equilibrium fluid composition resulted by chance and was not
affinities indicate the opposite. It is unreasonable to assume thatthe result of chemical equilibration. Such criteria include a
the calculated affinity for a reaction at equilibrium will equal demonstrated reversibility for a given reaction and a repeated
exactly zero due to uncertainties in the thermodynamic and return to a an affinity value near zero despite large changes in
analytical data. Uncertainties in the thermodynamic data used fluid composition.

for these calculations are difficult to quantify,t@ul kcal error Reactions for the production of G&nd CH, from longer

in the AG? for a given reaction is consistent with estimates chain hydrocarbons at the redox and temperature conditions of
provided by Shock and Helgeson (1990). In addition, reaction the experiments are characterized by large positive affinities
rates become imperceptibly slow as chemical affinities ap- (Fig. 10). Accordingly, the presence of organic compounds at
proach zero such that absolute equilibrium may be unattainable their measured concentrations represents a metastable state
on the time scale of these experiments (Aagard and Helgeson,created by kinetic barriers that prevent attainment of total
1982). Accordingly, during this study it has been assumed that thermodynamic equilibrium. Such kinetic barriers, however, do
calculated affinities of G- 1 kcal are consistent with a state of not necessarily preclude individual species from attaining a
thermodynamic equilibrium. Other criteria in addition to affin- state of partial metastable equilibrium with other species if a
ity, however, should be utilized in evaluating the equilibrium suitable reaction mechanism exists.

state of a chemical system to eliminate the possibility that an ~ The concept of metastable thermodynamic equilibrium has
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Fig. 11. Calculated chemical affinities for ketone-alkene thermodynamic equilibrium during experiments PPM, HM2, and
HMP. The data are plotted as a function of time elapsed since injection of the indicated species.

been used to account for the relative distribution of numerous experiment HM2. There was no indication that the relative
organic species in a variety of geological environments. It has abundances of these species were responding systematically to
been suggested that carboxylic acids, carbonates (includingthe redox state of the system during experiments PPM and
minerals), and long chain hydrocarbons attain a state of ther- HMP, however, suggesting that near zero calculated affinities
modynamic equilibrium in basinal brines associated with the during experiment HM2 may be fortuitous and not the result of
generation of petroleum (Helgeson, 1991; Helgeson et al., methane-organic acid ratios regulated by thermodynamic con-
1993; Pokrovski and Helgeson, 1994; Shock, 1988; 1989; straints.

1994). In particular, Helgeson et al. (1993) suggest that In addition to the numerous examples of disequilibrium,
alkanes may achieve a state of metastable equilibrium with there is abundant evidence suggesting that many species may
aqueous carbon dioxide through irreversible hydrolytic dispro- have attained reversible metastable equilibrium states. For ex-
portionation reactions. The results shown in Figure 10 indicate ample, rapid reaction of injected alkenes to form ketones during
that such a metastable state was not achieved on the timescaléhe experiments suggests these species may have equilibrated

of these experiments. according to the general reaction:
Shock (1988; 1989; 1994) has suggested that organic acids in
basinal brines may be in metastable equilibrium with carbon CHanagq) + H20p = CiH2:00q) + Hagag) 9)

dioxide but far from equilibrium with respect to methane. In
addition, it was suggested that acetic and propionic acid may
attain a state of redox-dependent metastable thermodynamicAccordmg to the stoichiometry of reaction (9), oxidizing con-
equilibrium according to the reaction: ditions (low H, activity) favor the formation of ketones relative
_ to alkenes. Calculated affinities indicate that following injec-
2CHCH,COOHag + 2H,0) = 3CHCOOHag + 2Hzeq tion of propene during experiment HMP at 300°C the fluids
propionic acid acetic acid ®) were far from equilibrium with respect to acetone-propene
equilibrium initially but rapidly attained a state of thermody-
In general, large positive affinities for carbon dioxide-organic namic equilibrium (Fig. 11b). Similar trends were observed
acid, methane-organic acid, and acetic acid-propionic acid involving 1-butene and 2-butanone following injection of
equilibria indicate that these species did not attain a state of 1-butene during the PPM and HMP experiments (Figs. 11c,d).
redox dependent thermodynamic equilibrium during the exper- Moreover, propene and acetone generated from 1-butene de-
iments (Fig. 10). Near zero affinities were calculated for meth- composition during the former experiment rapidly approached
ane-acetic acid and methane-propionic acid equilibrium during equilibrium states and continued to reequilibrate following

alkene ketone
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subsequent temperature increases (Fig. 11a). The calculated

affinities reflect a return to constant alkene/ketone molal ratios ! (a) PPM ; CpHanez = CoHan + H,

regulated by the oxidation state of each experiment, despite 5 [ alkane  alkene

rapid and large perturbations in the absolute and relative con- 3 [ 1-butene inj. |

centrations of each species. In effect, the rate of reaction (9) is % 0 : / : ' *

sufficiently rapid under the conditions of the PPM and HMP S Lo d  a

experiments that equilibrium is achieved and maintained in the E -5 - ethane-ethene

presence of competing reactions that may produce and/or con- & | ~®-propane-propene

sume alkenes and ketones. It should be emphasized that equil- < 10 200°C e s5°C o 350,C+"'b“‘a"e";b"'°"°

ibration of alkenes and ketones represents a metastable state Stage 3 Staged | Stage 5 i

since thermodynamic data indicate that in the absence of ki- 15 S ' ' :

netic barriers these species would react to form methane and 0 2000 4°T°|:JIE h 6000 8000

carbon dioxide (Fig. 10). In addition, because the activity of h)

aqueous hydrogen is buffered by equilibration of the mineral 15

assemblages during these experiments, attainment of redox- (b) HMP & HM1 C,Hg = C,H, +H,

dependent metastable thermodynamic equilibrium accordingto & 10 » ethane ethene

reaction (9) requires that alkenes and ketones are also in a state g 5 L&~ olhano k. HMPA'Stag“ R

of metastable equilibrium with respect to water and iron-bear- § M

ing minerals. These results provide compelling evidence that E 0

the role of water and minerals during organic reactions is not % 5 -O- HM1 (325°C)

limited to catalytic activity, but involves direct participation as % ethene inj, HMP-Stages 2,3, <o~ HMP (325°C)

reactants in organic transformations. AT o HMP (300°C)
In addition to alkene-ketone equilibration, alkenes may have 15 elheno nj, M Stage | _, A

approached a state of metastable thermodynamic equilibrium 0 1000 2000 3000 4000 5000 6000

with respect to their correspondingalkanes according to TIME (h)

reaction (6) during some of the experiments. Large negative

affinities indicate that reactions involving ethane-ethene, pro- 15 CH. = CH.+H

pane-propene, andi-butane-1-butene during the 300 and 4 (c) HMP & HM2 propane propene

325°C phases of the PPM experiment continuously approached 2

but did not attain a state of equilibrium (Fig. 12a). It is likely % §

that the slow approach to equilibrium is attributable to the £ _

continuous generation of ethene and propene during 1-butene PV Stages 7 6.8 ~&~HNP (300°C)

decomposition, and the large amount of reaction required to & -5 e i -0~ HM2 (325°C)

consume the large reservoir of injected 1-butene. Previous < 4 B . Hi\nz.Stage]'a NasSOuin. | -@- HM2 (325°C)

experiments that have demonstrated more rapid ethene-ethane ﬁﬂ?gfag‘;z HM2-Stage 4 + Na25204

equilibration in the presence of a PPM buffer at 325°C did not -5 — E—

include competing reactions that might generate ethene and/or 0 2000 4000 6000 8000

ethane (Seewald, 1994). Increased reaction rates during the TIME (h)

350°C phase of experiment PPM, however, resulted in the rapid 10

exhaustion of ethene, propene, and 1-butene sources. Accord- (d) HMP & HM2 CaHio = CiHg + Hy

ingly, alkene/alkane molal ratios attained or closely approached 6
values consistent with metastable thermodynamic equilibrium
in the final sample of this experiment (Fig. 12a).

The above calculations can be used to elucidate reaction

n-butane 1-butene

AFFINITY (kcal/mole)

pathways involved with 1-butene decomposition during the 2 £ M.pytene inj. ,}5;‘;?:9'2'3 //{\. ~#- HMP (300°C)
PPM experiment. Generation of propane, propene, acetone, and HMP-Stage 8 7 NegS:Ounj -O- HM2 (325°C)
propionic acid from 1-butene requires the loss of one carbon -6 propene inj. 7 HM2-Stage 4 & HM2 (325°C)
unit. The pathway for this process cannot be unequivocally © .HW-S‘?QGF 2 ' + Na25204
determlned_from the co_nce_ntratlon data alone_, but production 0 2000 4000 5000 8000
of substantial carbon dioxide and eventual disappearance of TIME (h)

substantial quantities of butyric acid that formed during the

early stages of reaction suggests decarboxylation may be re- Fig. 12. Calculated chemical affinities for alkane-alkene thermody-

sponsible. The strong thermodynamic drive to form propane namic equilibrium during experiments PPM, HM1, HM2, and HMP.

and acetone from propene during this experiment (Figs. 11a The_: data are p!otted as a function of time elapsed since injection of the
- . .~ indicated species.

and 12a) and the demonstrated availability of suitable reaction

mechanisms, suggests that formation of propane and acetone

proceeded through reduction and oxidation of a propene inter-

mediary, respectively. Decarboxylation of butyric acid to form C3H7COOH,q) = CsHg(ag) + HCOOH,) (10)

propene can be represented by the reaction: butyric acid propene formic acid
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Formic acid generated by this process would rapidly decom-
poses to CQand H, under hydrothermal conditions at the in
situ pH of these experiments (McCollom and Seewald, 2001b).
Decarboxylation of butyric acid to produce carbon dioxide and
propane directly, followed by propane oxidation is not a pos-
sible source of propene since there is no thermodynamic drive
for reaction (6) to proceed from left to right (Fig. 12a). Simi-
larly, formation of propene from acetone generated by some
other process is energetically unfavorable (Fig. 11a).

In general, there was a strong thermodynamic drive for the
reaction of alkenes to form alkanes immediately after alkene
injection during the HMP experiment (Fig. 12). Rapid con-
sumption of alkenes due to ketone formation (acetaldehyde in
the case of ethene), however, resulted in a transition from
negative to positive affinities indicating a reversal in the ther-
modynamically favored direction for reaction (6). Metastable
thermodynamic equilibrium (affinity equal to zero) was not
attained because the rate of alkene production by alkane oxi-
dation was insufficient to keep pace with alkene consumption conditions of the experiments precludes a rigorous evaluation
due to ketone formation. The transition from negative to pos- of this possibility.
itive affinities coincided with a shift from alkane production to
_alkane consumptior?. For example, propane concentr.ations ('1ur-4.3_ Role of Sulfur
ing HMP-stage (8) increased or remained constant in the first
three samples analyzed following propene injection before de-  Although the similarity of aqueous organic compounds pro-
creasing with continued reaction (Fig. 2c). Calculated affinities duced during the HM, HMP, and PPM experiments indicate
for the first three samples were positive while subsequent similar reaction paths, substantial differences in reaction rates
samples were characterized by negative affinities for reaction were observed during these experiments. Redox-dependent or-
(6) (Fig. 12c). The consistency of observed variations in fluid ganic reactions were considerably slower during the sulfur-free
composition with thermodynamic predictions suggests that re- stages of the HM experiments relative to HMP experiment,
action (6) proceeds readily in both directions facilitating the while reaction rates during the PPM experiment were faster
rapid formation of alkenes from alkanes under hydrothermal than the HM experiments but slower than the HMP experiment.
conditions. In particular, alkenes injected into experiments HM1 and HM2

In contrast to reaction of alkenes at 300°C, reaction of ethene persisted at mmolal levels for hundreds of hours in contrast to
at 325°C did not result in a transition from negative to positive their relatively rapid disappearance to suinolal abundances
affinities for reaction (6), but instead rapidly approached and during experiments HMP and PPM (Figs. 2, 6 and 7). In
maintained a calculated affinity of zero (Fig. 12b). Attainment addition, decomposition af-alkanes which was observed dur-
of ethene-ethane equilibrium at 325°C suggests that the 25°Cing experiment HMP at 300°C (Fig. 2) was not observed at 300
increase in temperature increased the rate of ethane oxidation toor 325°C during experiment PPM or the sulfur-free stages of
a greater extent than ethene oxidation allowing reaction (6) to experiment HM2 and only fon-butane during the 350°C stage
maintain equilibrium ethene/ethane ratios despite ethene con-of experiment PPM (Figs. 6 and 7). Slow reaction rates involv-
sumption by acetaldehyde formation. The large positive affinity ing alkenes are also consistent with a lack of alkene-ketone and
following ethane injection at 325°C, however, suggests that the alkene-alkane equilibration during experiments HM1 and HM2
shift in relative rates was not sufficient to equilibrate the large (Figs. 11 and 12). A rapid increase in the production of alter-
reservoir of injected ethane on the time scale of the experiment ation products derived from earlier injected propene and
(Fig. 12Db). 1-butene following injection of sodium thiosulfate into exper-

Excellent agreement between the predicted equilibrium iment HM2 indicates a substantial increase in the rate of
abundances of ethene and ethanol and observed concentrationstepwise oxidation (Fig. 7). The differences in reaction rates
during the HM1 experiment at 325°C and HMP experiment at cannot be attributed to variable thermodynamic drives since the
300°C (Fig. 13) suggests alkene hydration according to the experiments were conducted at identical redox conditions im-
reaction: posed by the presence of hematite and magnetite (Fig. 1). These
data point to a strong catalytic role for sulfur species in a broad
spectrum of redox dependent reactions involving aqueous or-
ganic compounds under hydrothermal conditions. In contrast,
rapid thermodynamic equilibration of ethene and ethanol dur-

C,H;OH = C,H, +H,0
ethanol  ethene

©)

AFFINITY (kcal/mole)

& HMP O HM1

200

50 100 150

TIME (h)

250 300

Fig. 13. Calculated chemical affinities for ethene-ethanol thermody-
namic equilibrium during experiments HM1 and HMP.

C;HsOH g = CoHuagy + H20q)
ethanol

(11)
ethene

is a relatively rapid reaction and may attain a metastable
equilibrium state. In contrast to reactions (6) and (9), hydration
of alkenes to form alcohols is redox independent. Rapid for-
mation of longer chain 2-alcohols suggests hydration of longer
chain alkenes may also attain equilibrium states, although a
lack of thermodynamic data for aqueous 2-alcohols at the

ing experiment HM1 suggests that the absence of sulfur may
not kinetically inhibit redox independent hydration reactions.
The specific mechanisms and species responsible for the
catalytic activity of sulfur are unclear. Measured concentrations
of H,S were below saturation levels for pyrite and pyrrhotite
following injection of sodium thiosulfate into experiment HM2
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Fig. 14. Calculated activities of selected aqueous sulfur species as a function of i@gdboi( a pH 5 fluid containing
10 mmolal total sulfur at 325°C and 350 bars. Requisite thermodynamic data for the construction of this diagram are from
the compilation of Johnson et al., (1992). The arrows indicate calcuil@ieealues in equilibrium with a pyrite-pyrrhotite-
magnetite (PPM) and a hematite-magnetite-pyrite (HMP) mineral buffer.

(Fig. 1) precludes their presence during this experiment and 5, a value consistent with the results of EQ3/EQ6 reaction path
suggests these minerals are not responsible for catalyzing themodeling for these systems. Generation of carbon dioxide and
observed organic reactions. Magnetite alone does not appear toorganic acids may have influenced pH to some degree during
be catalytically active because it was present in experiments the experiments but this would not have been a large affect
characterized by both rapid and sluggish reaction rates.

The absence of sulfur-bearing minerals in experiments HM2

following sodium thiosulfate addition suggests aqueous sulfur e

species are responsible for the enhanced reaction rates. The e *® °

catalytic process may have occurred entirely in solution or as 0 PRSP L

sulfur complexes on the surfaces of minerals. Identifying the . . S e . ° .
specific compounds involved is difficult due to the large num- d . ¢eo,

ber of inorganic and organic sulfur compounds in a variety of g 30 . b
oxidation states that may have been present. Because the PPM2 : ¢ o o
experiment contained the highest hydrogen sulfide concentra- 40 . ‘
tions but was characterized by reaction rates slower than HMP,

hydrogen sulfide is not indicated as the catalytically active -50 -
species. The relative abundance of sulfur species in intermedi- SHUP +PPM |

ate oxidation states, however, are strongly dependent on redox =~ €0 = o o e
(Fig. 14). AtfO, values of 10%°*and 10 3" consistent with B2EREVVIVRBOBLEL S

HM and PPM equilibria, respectively, near maximum values in ' SPECIES
the abundance of sulfur species in intermediate oxidation states
are predicted (Fig. 14). Figure 15 shows the activities of aque- Fig. 15. Calculated activities of selected aqueous sulfur species in

. . . equilibrium with a pyrite-pyrrhotite-magnetite (squares) and a hema-
ous sulfur species during the HMP and PPM experiments at tite-magnetite-pyrite (circles) redox buffer at 325°C, 350 bars, and an

325°C and 350 bars calculated using measurgglabundances i situ pH of 5. Requisite thermodynamic data for the construction of
and the assumption that in situ pH during both experiments was this diagram are from the compilation of Johnson et al., (1992).
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since these acids become substantially weaker at temperaturegluminosilicates are all present to varying degrees and contain
in the vicinity of 325°C. Results of these calculations indicate ferric iron that may be reduced during fluid-rock interaction.
that despite higher aqueous$iconcentrations during experi  Surdam and Crossey (1985) have suggested that ferric iron
ment PPM, the activities of intermediate oxidation state sulfur released during the transformation of smectite to illite may
species are several orders of magnitude lower at equilibrium oxidize organic matter to produce organic acids. In a separate
relative to the HMP experiment. High concentrations of sulfur study, Surdam et al. (1993) suggest that reduction of hematite
species in intermediate oxidation states during experiment in red sandstone petroleum reservoirs may also generate sig-
HMP suggests they may be responsible for enhanced reactionnificant amounts of organic acids. Moreover, pyrite which is
rates relative to the PPM and sulfur-free HM experiments. This abundant in reducing organic-rich sediments represents an ef-
result is consistent with other laboratory studies during which fective oxidizing agent as sulfur is present in the -I oxidation
sulfur species in intermediate oxidation states were required to state and can be further reduced. Thus, pyrite alteration to form
facilitate thermochemical sulfate reduction by hydrocarbons minerals such as siderite according to the reaction:

(Toland, 1960; Orr, 1982; Goldhaber and Orr, 1995). The
possibility also exists that catalytically active aqueous organo-
sulfur compounds may have formed during the experiments but
a lack of data for the thermodynamic properties of these species

precludes estimation of their stability at the conditions of the represents an effective means to consumegenerated by
experiments. n-alkane oxidation. Extensive alteration of inorganic sediment

components and formation of ferrous iron phases such as
chlorite and siderite at temperatures associated with the gener-
ation of oil and natural gas indicates that ferric iron and pyrite
sulfur in sediments are reactive oxidizing agents available for
the oxidative decomposition of hydrocarbons in subsurface

Mineral assemblages present in the experiments facilitate the €nvironments. In addition, water is not just a solvent in the
oxidation of hydrocarbons by acting as a sink for generat@d H reactions described above but also represents an oxidizing
Although the redox buffers used are composed of naturally agent. In the absence of a mechanism to remoyerétiucing
occurring minerals that may be present in sedimentary basins conditions would quickly develop as;Haccumulates in solu
associated with petroleum generation, buffered redox condi- tion, creating a decreased thermodynamic drive for oxidative
tions are not a prerequisite for stepwise oxidation. Within the decomposition. Relatively rapid diffusion rates fop, Hhow-
framework of the reaction sequence outlined in Figure 9, a ever, may allow it to preferentially diffuse out of petroleum
suitable oxidizing agent or a mechanism to remo\@ig-":he reservoirs thereby maintaining a thermodynamic drive for the
only requirement. The basic observation that, in general, pe- oxidation of hydrocarbons by an essentially inexhaustible sup-
troleum reservoirs are spatially separated from source rocks Ply of water. Thus, although TSR is the most obvious and
indicates that the generation, expulsion, and migration of hy- well-studied case of oxidative hydrocarbon decomposition in
drocarbons are open-system processes. Thus, there may bé&edimentary basins, it represents only one example of the
ample opportunity for extensive interaction of oil and gas with humerous redox dependent processes involving inorganic sed-
redox sensitive minerals, despite the absence of these mineralgmentary components, all of which may influence the stability

FeS + H, +CO, + H,0 = FeCQ + 2H,S
pyrite siderite

(12)

4.3. Implications for Natural Systems

4.3.1. Petroleum stability

in source and reservoir rocks.

Thermochemical sulfate reduction (TSR) is an example of
oxidative oil decomposition that has been well-documented due
to the critical role it plays in the formation of sour gas fields and
Mississippi Valley-type ore deposits (Krouse et al., 1988; Orr
1974; 1977; Hutcheon et al., 1995; Machel et al., 1995). TSR
involves the oxidation of hydrocarbons coupled with the reduc-
tion of SO, to H,S. There is a striking similarity between
chemical trends that result from TSR with the results of our
experiments in which iron minerals and water represent oxi-

of oil and the generation of oxygenated alteration products and
natural gas.

The redox dependence of hydrocarbon stability in aqueous
environments indicates that the stability of oil is not simply a
function of time and temperature alone. Oxidative hydrocarbon
decomposition requires the availability of suitable oxidizing
agents and water and is catalyzed by sulfur species. One can
easily envision a scenario where the presence of water and
ferric and/or oxidized sulfur-bearing minerals provides a reac-
tion path for rapid oil decomposition while the same oil in the

dizing agents. For example, alkanes have been identified as aabsence of sulfur catalysts, oxidizing agents and/or water could
component of oil that acts as a reducing agent during TSR Persist for considerably longer periods of time at higher tem-
(Krouse et al., 1988; Hutcheon et al., 1995). In particular, Peratures. Such a model may account for the presence of oil in
isotopic evidence has been used to demonstrate that TSR re-2 variety of environments at temperatures higher than conven-
sults in the oxidation of low molecular weight hydrocarbons tional models would predict (Price, 1993).

such as ethane and propane (Krouse et al., 1988; Hutcheon et

al., 1995). Experimental studies have demonstrated that organic4 3 2 Natural gas composition

acids are initially produced during TSR (Toland et al., 1958)
and may subsequently decarboxylate to,Gdd CH, or be
oxidized completely to CQ

In addition to sulfate in evaporite deposits, there are numer-

Despite the production of enormous quantities of natural gas
throughout the world and its economic and environmental
significance, factors that control the generation of natural gas

ous other oxidizing agents present within sedimentary basins remain poorly understood. Until recently, conventional wisdom

that may react with hydrocarbons. Hematite, magnetite, and

has advocated that thermal cracking of kerogen and/or oil
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results in the production of thermogenic natural gas (Tissot and n-alkane oxidation due to thermodynamic constraints that limit
Welte, 1984; Barker, 1990; Ungerer, 1990; Hunt, 1996). In this alkane/alkene ratios to very large values under reducing redox
model, a mixture of oil and gas is generated at low thermal conditions likely to exist in sedimentary basins associated with
stress, followed by thermal decomposition of generated oil as oil and natural gas generation (Shock and Helgeson, 1990).
time and temperature increase with progressive burial. In the A key factor influencing the amounts and composition of a
endmember case at high thermal stress, these processes ar€H,-rich natural gas are the reactions responsible for the de
believed to result in the formation of dry gas (gas in which the composition of acetic acid. Complete oxidation results in the
hydrocarbon fraction is composed almost entirely of Cttlie production of two moles of COfor each mole of acetic acid
to the complete thermal destruction of, C hydrocarbons. while decarboxylation produces equal amounts of,CGiid
Convincing arguments have been made, however, to suggestCO,. Accordingly, decarboxylation as the final step during the
that a purely thermal model cannot account for the absence of oxidative decomposition af-alkanes would produce CGHlur-

C,. hydrocarbons in dry gas (Mango et al., 1994; Mango ing the evolution of “wet” gas to “dry” gas in contrast to
1997). Specifically, thermal cracking of kerogen and individual oxidation which would simply remove £ hydrocarbons leav
long-chain hydrocarbons produces a gas that is relatively en- ing residual CH.

riched in G-C, hydrocarbons (i.e., a wet gas). Exceedingly

sluggish reaction rates for the thermal cracking of low molec- 4 3 3 \Mass balance constraints on the generation of

ular weight hydrocarbons at temperatures typically associated hydrocarbons and oxygenated alteration products
with the generation of natural gas suggests that dry gas does not

form by the thermal decomposition of,Chydrocarbons in wet It has long been assumed that hydrogen and oxygen in oil
gas (see Mango, 1997, for a thorough review). and natural gas are derived solely from kerogen. This assump-
The inability of a purely thermal model to account for the tion, along with information on the variations in the elemental
composition of dry gas has prompted researchers to propose acomposition of kerogen with increasing thermal maturity, has
variety of new models for its origin. On the basis of laboratory been used to predict the composition, amounts, and timing of
experiments, Mango et al. (1994) have suggested that transitionorganic alteration products generated in sedimentary basins
metal catalysis during the decomposition of long-chain hydro- (Tissot and Welte, 1984; Cooles et al., 1986; Barker 1990;
carbons is essential for the production of dry gas. In contrast, Ungerer, 1990). The participation of water and minerals in
Price and Schoell (1995) have suggested that natural gas ini-organic reactions, however, indicates that hydrogen and oxygen
tially contains a significant fraction of C hydrocarbons atthe  are available from inorganic sources, so that constraints placed
site of generation but becomes enriched in,Giresponse to on the amounts and relative timing of oil, natural gas, and
fractionation processes during expulsion and migration. Other organic acids that are based on the compositional evolution of
researchers have hypothesized that an almost pureg@slis kerogen may not be appropriate.
generated from residual kerogen due to demethylation of aro- Derivation of oxygen from water has profound implications
matic moieties after the majority of oil has been generated and for the generation of organic acids and carbon dioxide in
expelled (McNeil and BeMent, 1996). Although these models petroleum producing basins. These species have been the focus
cover a wide range of possible mechanisms, they are limited by of extensive research because they are weak acids and may be
consideration of reactions involving only organic species as responsible for enhancing porosity in petroleum migration con-
chemical reactants. duits and reservoirs. In addition, carbon dioxide represents an
The experiments presented here demonstrate that water andessential ingredient for the formation of carbonate cements that
iron-bearing minerals participate in chemical reactions respon- may destroy porosity. The observation that large decreases in
sible for the decomposition of £ hydrocarbons at elevated kerogen oxygen content are not accompanied by hydrogen
temperatures and pressures. Such reactions may be responsibldecreases during early-stage maturation has been routinely
for the production of dry natural gas in sedimentary basin since used as evidence to suggest that organic acids and carbon
kinetic barriers to the oxidation of short chairalkanes are dioxide formation precede the onset of oil generation. Gener-
sufficiently low that oxidative decomposition at 300°C can be ation of carbon dioxide and carboxylic acids containing water-
observed within a laboratory time scale of hundreds to thou- derived oxygen duringr-alkane oxidation suggests that oxy-
sands of hours. This result indicates that oxidative degradation genated alteration products may be generated before, during,
is substantially faster than thermal cracking. For example, at and after peak oil generation in quantities substantially greater
300°C the calculated half live of propane decomposition by than models limited by kerogen oxygen content would predict.
thermal cracking is 3300 y (Laidler et al., 1962), considerably Consistent with this suggestion are the results of Monterey
longer than propane decomposition in the presence of a hema-Shale hydrous pyrolysis experiments that have demonstrated
tite-magnetite-pyrite mineral assemblage that is characterized extensive conversion of organic carbon to carbon dioxide fol-
by a half life of approximately two years (Fig. 2c). Similar rates lowing peak oil generation (Seewald et al., 1998).
of reaction were observed for the decomposition of ethane and It has been argued that organic acids will have a minimal
n-butane (Figs. 2b,d). Thus stepwise oxidation may play a effect on reservoir porosity because alteration minerals present
critical role during the conversion of wet gas to dry gas by in source rocks and along migration pathways will consume
selectively degrading £ n-alkanes. The rate of this process is acidity created by organic acids before reaching the reservoir
strongly dependent on the geochemical environment in addition (Giles et al., 1994). This argument assumes that all organic
to time and temperature since the abundances of reaction in-acids are generated directly from kerogen located in source
termediaries are strongly redox dependent (Fig. 9). In particu- rocks. The generation of organic acids from aquewatkanes
lar, alkene formation may represent the rate limiting step during indicates organic acids can be generated subsequent to olil
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expulsion and may even occur in petroleum reservoirs provided rect involvement of inorganic species as reactants during or-
a suitable oxidizing agent is present. Accordingly, although ganic transformations. The high reactivity of water and iron-
titration of organic acids in source rocks and migration conduits bearing minerals suggests that they represent abundant sources
is likely, it may not limit the potential role organic acids may of hydrogen and oxygen available for the formation of hydro-
play in developing reservoir porosity. carbons and oxygenated alteration products. Thus, variations in
As is the case for the formation of oxygenated organic elemental kerogen composition may not accurately reflect the
alteration products, derivation of requisite hydrogen from water timing and extent of hydrocarbon, carbon dioxide, and organic
during the formation of saturated hydrocarbons suggests kero-acid generation in sedimentary basins.
gen hydrogen content places few constraints on the hydrocar- Due to the close association of water, minerals, and organic
bon generation potential of a sedimentary basin. Because pe-matter in sedimentary basins, organic-inorganic interactions are
troleum generation occurs via the cleavage of intact kerogen an unavoidable consequence during sediment alteration. Ac-
fragments to form high molecular weight saturated alteration cordingly, models that do not integrate both organic and inor-
products, the hydrogen demand is relatively minor and does not ganic geochemical processes may not accurately predict the
represent a limiting factor in the amount of oil generated. With stability and compositional evolution of organic species in
increasing maturation, however, the average chain length de-subsurface environments.
creases and the H/C molal ratio decreases from a value of two
in a hypothetical saturated hydrocarbon of infinite chain length AcknowledgmentsFunds to support this research were provided by
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