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Abstract

Sediment and pore water samples from all drill sites of International Ocean Discovery Program
(IODP) Expedition 385 were analyzed quantitatively for aliphatic hydrocarbons, petroleum (Cy—
C,,) hydrocarbons, and aromatic and polyaromatic compounds. All hydrocarbon classes showed
concentration peaks in deep, hot sediments just above and below deeply buried sills (Sites U1545
and U1546), indicating that they were formed by thermal maturation of buried organic matter in
the thermal aureole of sill intrusion and have, to a large extent, remained in situ. Plotting hydro-
carbon concentrations against in situ temperature shows a pronounced increase in concentration
between 65° and 80°C, the thermal limit of hydrocarbon-degrading microbial populations. A
smaller hydrocarbon maximum is associated with surficial sediments: within the upper 4 m of the
sediment column, the concentrations of total saturated hydrocarbons and of total petroleum
hydrocarbons were almost always higher compared to the next sediment samples in downhole
sequence, compatible with biogenic hydrocarbon input that reaches all drill sites in Guaymas
Basin. The U-shaped hydrocarbon profiles suggest a biological filter that degrades surficial hydro-
carbon input and deeply sourced hydrocarbons as soon as the temperature regime in gradually
cooling, slowly accumulating sediments permits microbial activity.

Introduction

The Guaymas Basin in the Gulf of California is a young marginal rift basin characterized by active
seafloor spreading and rapid deposition of photosynthetic biomass, in particular diatoms, from
highly productive overlying waters, supplemented locally by terrigenous sedimentation from the
Sonora margin (Calvert 1966; Schrader 1982). Organic-rich sediments of several hundred meters
thickness cover the spreading centers of Guaymas Basin and alternate with extensive magma
intrusions (doleritic sills) that are inserted laterally into the unconsolidated sediments (Einsele et
al., 1980). Generally, the organic carbon content of approximately 3—4 wt% in surficial Guaymas
Basin sediments (De la Lanza-Espino and Soto, 1999) is reduced, presumably by heterotrophic
microbiological activity, to 1-2 wt% in a wide range of subsurface sediments (Rullkétter et al.,
1982; Gilbert and Summerhayes, 1982; Simoneit and Bode, 1982). In contrast to nonsedimented
spreading centers at mid-ocean ridges that favor focused magma emplacement at the axial valley,
the sediments in Guaymas Basin act as a thermal blanket that creates a broader zone of magma-
tism extending along axial-parallel faults (Berndt et al., 2016) and laterally into the sedimented off-
axis flanking regions (Lizarralde et al., 2011; Teske et al., 2019). Emplacement of hot sills indurates
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the sediment layers above and below the sill and alters their organic carbon content by transform-
ing buried organic carbon into hydrocarbons (Whelan and Hunt 1982). Depending on location
and depth, these hydrocarbons can be mobilized by hydrothermal circulation (Gieskes et al., 1982;
Kastner, 1982). Thus, Guaymas Basin provides a natural laboratory to explore the transformation
of buried organic matter under high pressure and temperature into complex mixtures of gaseous
and liquid hydrocarbons and their mobilization toward the upper sediments and the seafloor
(Claypool and Kvenvolden, 1983; Simoneit, 1985, 1990).

Here we report compound-specific hydrocarbon concentrations for sediment samples and pore
water samples from the Guaymas Basin deep subsurface, collected during International Ocean
Discovery Program (IODP) Expedition 385 (Table T1). The goal of this data report is to provide
quantitative hydrocarbon data for geochemical and microbiological follow-up studies in the Guay-
mas Basin deep subsurface biosphere. We provide an initial overview of some downhole trends of
major hydrocarbon classes (total petroleum hydrocarbons, saturated hydrocarbons, and polyaro-
matic [>2 rings] hydrocarbons).

2. Methods

Sediment and pore water samples from all drill sites (Table T1) were analyzed at Alpha Analytical
(Mansfield, MA, USA) for fingerprinting diagnostic compounds (e.g., saturated hydrocarbons,
polynuclear aromatic hydrocarbons [PAHs], and alkylated PAHs) using EPA Method 8015 (gas
chromatography—flame ionization detection [GC-FID]; saturates) and a modified Method 8270D
(gas chromatography—mass spectrometric detection [GC-MS]; PAHs), as detailed in Stout (2016).

Sediments used for pore water extraction were prepared in a nitrogen-filled glove bag and then
squeezed under laboratory atmosphere. Quantitative analyses of sediment cakes by GC-FID and
GC-MS vyielded detailed information on the amount and distribution of saturated petroleum
hydrocarbons (Cy—C,,) and 2- to 4-ring PAHs as well as alkylated PAHs (Tables T2, T3). Overall,
these analyses revealed significant variations at the molecular level at different drill sites in Guay-
mas Basin and along sediment depths.

Table T1. Sediment and pore water samples used for hydrocarbon fingerprinting, Expedition 385. Download table in CSV
format.

Table T2. Hydrocarbon fingerprinting results for sediment samples, Expedition 385. Download table in CSV format.

Table T3. Hydrocarbon fingerprinting results for pore water samples, Expedition 385. Download table in CSV format.
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3. Hydrocarbon distribution and in situ temperature

When total petroleum hydrocarbons, saturated hydrocarbons, and polyaromatic (>2 rings) hydro-
carbons are plotted against in situ temperature, the general trend of increasing hydrocarbon con-
centrations with temperature shows a conspicuous concentration step between ~65° and 80°C
(Figures F1, F2, F3). At temperatures below this limit, all samples show comparable hydrocarbon
concentrations for total petroleum hydrocarbons (Cy—C,,) and for total saturated hydrocarbons.
Interestingly, total polycyclic aromatics with at least 2 rings have a more complex pattern and
occur at high concentrations already at more moderate temperatures (Figure F3).

The reduced hydrocarbon concentrations at less than 65°C at all sites can be understood as reflect-
ing the balance between hydrocarbon input and microbial degradation, with the caveat that cell
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Figure F1. Total petroleum hydrocarbon [C;—-C,,] concentrations (mg/kg wet sediment) plotted against in situ tempera-
tures (°C) for IODP Expedition 385 sediment samples (represented by hole and core section numbers). Dotted vertical lines
mark the 65°-80°C transition from the microbial hydrocarbon-degrading temperature window into abiotic hydrocarbon
generation.
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abundance decreases steeply throughout the sediment column: from ~108 cells/cm? in shallow and
cool sediments (~2.8° to 14.2°C) toward <102 cells/cm? in deep sediments at 65°C and higher tem-
peratures (Morono et al., 2022). Hydrocarbon input would include localized petroleum sources at
hydrothermal hotspots (Dalzell et al, 2021) but also ubiquitous sedimentary and microbial
sources, such as plant-derived terrestrial hydrocarbon compounds (Rullkétter et al., 1982), phyto-
planktonic hydrocarbon input (McGenity et al., 2021), autochthonous biomarkers produced by
sediment bacteria and archaea (Mara et al., 2022), and in situ diagenetic production of recalcitrant
compounds (Silliman et al., 1998). Accumulation would be checked by ubiquitous hydrocarbon-
degrading microbial populations that—temperature permitting—are active across all drill sites.
For example, the sulfate-reducing family Desulfatiglandales, a widespread lineage of mesophilic
aromatics-remineralizing specialists in marine sediments (Teske, 2019), has been found in shallow
subsurface sediments in and around Ringvent (Teske et al., 2019) and in surficial Guaymas Basin
hydrothermal sediments (Ramirez et al., 2021; Edgcomb et al., 2022). Concerning alkane and
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Figure F2. Total saturated hydrocarbon concentrations (mg/kg wet sediment) plotted against in situ temperatures (°C) for
IODP Expedition 385 sediment samples (represented by hole and core section numbers). Dotted vertical lines mark the
65°-80°C transition from the microbial hydrocarbon-degrading temperature window into abiotic hydrocarbon generation.
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petroleum degradation, laboratory experiments with Guaymas Basin enrichments from surficial
sediments showed that light alkanes (C¢—C,,) and midlength alkanes (C,,—C,;) as well as crude oil
are efficiently remineralized by mixed sulfate-reducing bacterial communities at 31° and at 55°C
(Liang et al., 2023). The current thermal limits of hydrocarbon-degrading bacteria and archaea
that have been studied in pure culture are near 70°~75°C for alkane-degrading consortia of sulfate-
reducing bacteria (Thermodesulfobacterium spp.) and alkane-oxidizing archaea (Alkanophaga
spp.) (Zehnle et al., 2023). The current thermal limit for methane-oxidizing bacterial/archaeal
consortia enriched and isolated from hydrothermal sediments of Guaymas Basin is 70°C (Benito
Merino et al., 2022).

At higher temperatures, microbial hydrocarbon utilization gradually decreases, as observed in hot
petroleum reservoirs where microbial hydrocarbon processing stops between ~65° and 80°C
(Head et al., 2003). For total Cy—C,, petroleum hydrocarbons and total saturated hydrocarbons, in
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Figure F3. Total polycyclic aromatic [>2 rings] hydrocarbon concentrations (mg/kg wet sediment) plotted against in situ
temperatures (°C) for IODP Expedition 385 sediment samples (represented by hole and core section numbers). Note the
changing y-scale > 1 mg/kg. Dotted vertical lines mark the 65°-80°C transition from the microbial hydrocarbon-degrading
temperature window into abiotic hydrocarbon generation.
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situ concentrations in Guaymas Basin sediments increased by an order of magnitude at tempera-
tures of 100°C and higher. Because these temperatures inhibit microbial growth, microbial degra-
dation is now prevented and instead hydrocarbons are formed by abiotic catagenesis from
kerogen. Whereas total polycyclic aromatics with at least 2 rings showed highest concentrations
above 65° and 80°C, their occurrence pattern was complicated by intermediate concentration
peaks at more moderate temperatures (Figure F3).

3.1. Hydrocarbon accumulation at sills

The highest hydrocarbon concentration values were found in hot, indurated sediments immedi-
ately below sills (Table T1), indicating that the importance of in situ temperature is further
modified by position relative to the sill: overlying sills cap the movement and hydrothermal mobi-
lization of hydrocarbons, and they preserve hydrocarbon accumulations at sediment/sill contact
zones. The sill intrusion at Site U1546 (between ~355 and ~432 m below seafloor [mbsf]) was
emplaced at least 76,000 years ago (Lizarralde et al., 2023) and the even deeper sill intrusion at Site
U1545 (near 482 mbsf) is probably older (Teske et al., 2021a), yet both sill intrusions are accom-
panied by conspicuous hydrocarbon accumulations below them (Figures F1, F2, F3).

The sill-associated hydrocarbon peaks are consistent with rapidly decreasing methane/ethane
ratios (trending toward 1:1) deeper than 485 mbsf at Site U1545 (Teske et al., 2021a) and rapidly
decreasing methane/ethane ratios (trending toward 40) just below the sill at Site U1546 (Teske et
al., 2021b). These anomalous methane/ethane ratios indicate the proximity of hydrocarbon reser-
voirs and forced termination of drilling at Sites U1545 and U1546 at 503 and 540 mbsf, respec-
tively (Teske et al., 2021a; Teske et al., 2021b).

Hydrocarbon accumulation at sills was demonstrated during Deep Sea Drilling Project (DSDP)
Leg 64 to Guaymas Basin, 40 years ago. In the hydrothermally active spreading center of Guaymas
Basin at DSDP Site 477, the concentrations for a wide spectrum of saturated and aromatic com-
pounds increased just below the shallow sill at this location by an order of magnitude compared to
concentrations above the sill; these sill-associated peak concentrations also exceeded concentra-
tions deeper down two- or threefold (Whelan and Hunt, 1982).

3.2. Surface hydrocarbon enrichment

In shallow sediments from the upper 4 m of the sediment column, the concentrations of total sat-
urated hydrocarbons and of total petroleum hydrocarbons were almost always higher compared to
the next sediment samples that follow in downward sequence (Table T1). The complete sample
sequences from shallow to deep sediments, including hot samples taken from deeper intervals
(Sites U1545/U1546 and Sites U1547/U1548), reveal a U-shaped concentration curve with local
maxima in the upper sediment column followed by concentration minima at middepth, before
increasing strongly in deep, hot sediments (Figure F1). This trend is visible for a wide spectrum of
aliphatic compounds regardless of drill site (Table T2; see TableST2.xIsx in HYDROCARB in Sup-
plementary material). This pattern might reflect planktonic sources—such as plant-derived
alkanes (Rullkotter et al., 1982) or cyanobacterially produced alkanes (McGenity et al., 2021)—that
increase the hydrocarbon content of surficial sediments everywhere in Guaymas Basin, inde-
pendently of hydrothermal activity. We note that phytoplankton-derived biomarkers were found
consistently in Guaymas Basin surficial sediments (Mara et al., 2022). As an alternative explana-
tion, sill-associated hydrocarbons could migrate in the seabed and reach surficial sediments where
they condense and precipitate under cool temperatures (Kawka and Simoneit, 1994). However, we
note that this explanation is less likely at sites where hydrocarbon reservoirs are buried at several
hundred meters depth with no obvious flow paths to the surface (Sites U1545 and U1546). We also
note that temperature-induced hydrocarbon precipitation and condensation would not need to be
limited to the upper 4 m, as cool temperatures often persist below this depth. In general, thermal
mobilization and near-surface condensation of hydrocarbons would be most plausible at sites with
shallow sills, for example DSDP Sites 477 and 478 (Kawka and Simoneit, 1994).
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3.3. Polyaromatics (PAHs) occurrence patterns

In contrast, most polyaromatic compounds did not show this enrichment in the upper sediment
column and subsequent minima at middepth; instead, they followed an initially very gradual
downbhole increase that became steeper with depth and temperature, finally leading toward maxi-
mal concentrations in deep, hot sediments (Table T2; see TableST2.xIsx in HYDROCARB in
Supplementary material). The 2- to 4-ring PAHs in our sample collection of sediment cakes
consisted mainly of the parent and alkylated isomers of naphthalene, fluorene, phenanthrene/
anthracene, fluoranthene/pyrene, and chrysene.

In contrast to other polyaromatic compounds that were selectively enriched only near sill intru-
sions, the 5-ring compound perylene occurred at all sites in high concentrations (2-12 mg/kg
sediment) throughout most of the deep sediment column, with lower concentrations limited to
surficial samples and very deep sill samples. This distribution pattern changes the overall profile of
PAH concentrations in the temperature plot and contributes to high total PAH concentrations in
several deep subsurface samples below the 65°C threshold where microbial degradation takes
place (Figure F3). Whereas potential origins of perylene include terrestrial soil fungi (Hanke et al.,
2019), the accumulation of perylene in marine sediments without significant terrestrial input
(Wakeham et al., 1979) suggests a marine planktonic source. For Guaymas Basin, abundant dia-
toms are a likely candidate (Venkatesan, 1988). Yet the reduced perylene concentrations in the
upper sediment column argue against direct deposition as the only major source. Ubiquitous
accumulation throughout the sediment column and basin-wide occurrence suggest in situ diage-
netic production within the sediment column from a wide range of precursor materials (Silliman
et al., 1998) and petrogenic sources (Kawka and Simoneit, 1994), combined with preservation of
this recalcitrant compound within the temperature range of microbial degradation (<65°-80°C).
Interestingly, perylene concentrations were strongly reduced in deep sediments near sill intrusions
(Sites U1545-U1548), indicating that this ubiquitously accumulating and highly recalcitrant com-
pound has decayed within the thermal aureole of sill emplacement. Because concentrations of
other types of PAHs (phenanthrenes, anthracenes, pyrenes, and chrysenes) increase sharply in the
same samples near sills, they should have been produced during sill emplacement (Table T2; see
TableST2.xIsx in HYDROCARB in Supplementary material).

3.4. Outliers

In cool and temperate samples where microbial hydrocarbon degradation is not inhibited, polyar-
omatic concentrations were generally <0.5 pug/g wet sediment, saturated hydrocarbon concentra-
tions were less than ~12 pg/g, and total petroleum hydrocarbon concentrations were less than 250
pg/g. The exception to this pattern is “cold seep” Section 385-U1549B-18H-4, sampled at 161
mbsf; this moderately heated sample (~35°C in situ temperature) contained more than 5 pg/g
PAHs, ~25 pg/g saturated hydrocarbons, and nearly 900 pg/g total petroleum hydrocarbons, sug-
gesting a deep hydrocarbon source that imprints unusually high concentrations into this temper-
ate sediment sample. This sample was obtained just above the massively disturbed deep sediment
layers that surround the “Octopus Mound” cold seep site (Teske et al., 2021d). At this location
and depth, drilling was terminated to avoid tapping a potential petroleum and gas reservoir (Teske
et al., 2018). The co-occurrence of high petroleum hydrocarbon concentrations and moderately
warm temperatures in deep, sulfate-depleted sediments suggests potential for microbiological
studies, for example, enrichments for methanogenic alkane degraders (Ca. Methanoliparia; Laso-
Pérez et al., 2019) that are so far missing in Guaymas Basin (Teske, 2024).

3.5. Pore water samples

Sediment pore waters contained aliphatic and aromatic hydrocarbons, including the same parent
and alkylated isomer compounds as reported for sediment cakes, but due to low aqueous solubility
they were present only at 2—3 orders of magnitude lower concentrations, on average, compared to
sediment cakes (Tables T1, T3; see TableST3.xIsx in HYDROCARB in Supplementary material).
Indurated sediments near sills did not yield pore water, and no data on pore water hydrocarbon
content are available for these samples.
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Most pore water samples had total petroleum hydrocarbon concentrations between 0.25 and 0.29
mg/kg, suggesting a consistent background in the sediment column across Guaymas Basin. Higher
totals were found for samples obtained from Sections 385-U1548C-7H-6 (63.9 mbsf), 385-
U1549B-3H-3 (17.4 mbsf), 385-U1549B-9H-4 (75.4 mbsf), and 385-U1550B-1H-3 (4.3 mbsf)
(Table T3; see TableST3.xIsx in HYDROCARB in Supplementary material). These elevated totals
suggest the influence of hydrocarbon migration from underneath the lip of the sill underlying
Ringvent (Section 385-U1548C-7H-6, sampled at 63.9 mbsf, yielded the deepest and hottest pore
water sample of the most proximal core to the hydrothermally active Ringvent structure) and
hydrocarbon input from the Octopus Mountain seep area (Sections 385-U1549B-3H-3, 9H-4).
Pore water sample from Section 385-U1551B-4H-3 (26.8 mbsf) stands out by 2-3 times elevated
concentrations across the entire spectrum of aromatic and (to a lesser degree) aliphatic com-
pounds (Table T3; see TableST3.xlsx in HYDROCARB in Supplementary material). The unusu-
ally coarse-grained lithology at this site and depth (diatom-bearing silty sand to clayey silt and
local intervals of sulfide- or organic-rich clayey silt and silty sand) suggests terrestrial sedimenta-
tion and organic input at this site (Teske et al., 2021e); the changing lithology might influence the
partition between particle-bound and soluble hydrocarbons. Pore water concentrations for total
PAH (22 rings) were generally near 5500 ng/L in most samples, with higher concentrations limited
to the samples of Sections 385-U1545B-60F-2 (325.1 mbsf) and 385-U1551B-4H-3 (26.8 mbsf)
(Table T3; see TableST3.xlsx in HYDROCARB in Supplementary material).

4. Comparison with hydrocarbons in surficial Guaymas
Basin sediments

In 2018, we performed hydrocarbon profiling of surficial sediments (Mara et al., 2022) that were
collected using human occupied vehicle (HOV) Alvin. Sediment pushcores were recovered at
hydrothermally active areas in the southern axial trough of Guaymas Basin (maximum core length
~60 cm; recovered sediment length between 18 and 30 cm) (Tables T4, T5; see TableST5.xlsx in
HYDROCARB in Supplementary material). Sediment and pore water samples were analyzed by
GC-FID and GC-MS at Alpha Analytical (Mansfield, MA, USA) as described previously (Mara et
al., 2022). Pore water extraction from these surficial samples was performed using centrifugation
and is therefore not directly comparable to the more comprehensive shipboard pore water
extraction by sediment squeezing during IODP Expedition 385. Thus, the distribution of hydro-
carbons between pore water and sediment in these surficial samples favored the sediment phase
for the pushcore samples. Consequently, pore waters in these more surficial sediment samples
contain 3—4 orders of magnitude lower hydrocarbon concentrations than the sediment phase
(Tables T4, T5; see TableST5.xlsx in HYDROCARB in Supplementary material). These caveats
must be kept in mind when comparing surficial and deep sediment results (Table T4 vs. Table T1).

PAH concentrations in surficial hydrothermal sediments (~10 to 350 mg/kg sediment) were simi-
lar to peak PAH concentrations in the deep, hot subsurface near sills (10-200 mg/kg sediment).
Petroleum hydrocarbon (Cy—C,,) concentrations in surficial hydrothermal sediments (maximally
1,000-10,000 mg/kg sediment) were noticeably higher than in deep, hot sediments near sills (500—
5,000 mg/kg sediment), suggesting that the Alvin pushcores had sampled a natural conduit that
funneled concentrated petroleum hydrocarbons toward the sediment surface. Interestingly, total
saturated hydrocarbon concentrations in surficial sediments (maximum 10-50 mg/kg, in one
sample near 400 mg/kg sediment) were lower compared to those in deep, hot sediments near sills

Table T4. Sediment and pore water samples used for hydrocarbon fingerprinting using HOV Alvin pushcores during the
AT42-05 cruise in Guaymas Basin in November 2018 (R/V Atlantis). Download table in CSV format.

Table T5. Hydrocarbon fingerprinting results for surficial hydrothermal sediments using HOV Alvin pushcores during the
AT42-05 cruise in Guaymas Basin in November 2018 (R/V Atlantis). Download table in CSV format.
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(maximally 100-800 mg/kg sediment), indicating increased retention of these compounds in the
deep subsurface.

The hydrocarbon concentrations in surficial sediments suggest that hydrothermal activity affected
the distribution of hydrocarbons at the different sampling sites (Mara et al., 2022). In warm sedi-
ments (Cathedral Hill area; 30°C at 20 cm below seafloor, cmbsf), total petroleum and total satu-
rated hydrocarbons as well as polyaromatic compounds occurred at similar concentrations at all
examined sediment horizons. In extremely hot sediments (Marker 14 area; >100°C at 30 cmbsf),
these concentrations peaked in the uppermost sediment layer and declined by an order of magni-
tude downcore (Table T4), demonstrating the effect of hydrothermal mobilization that flushes
hydrocarbons from deeper, hotter sediment layers and traps them in cool surficial sediments.

Generally, hydrocarbon seepage in hydrothermal hotspots of the southern Guaymas Basin differs
in several aspects (depth and age of organic carbon source compounds) from the hydrocarbon
accumulations at depth (i.e., in deep, hot sediments near emplaced sills). High-resolution bathy-
metric surveys combined with shallow subbottom seismic profiles penetrating ~30-60 m below
the sediment surface in the southern axial trough of Guaymas Basin (Ondréas et al., 2018) showed
that seepage is concentrated in small seafloor depressions harboring massive subsurface hydro-
thermal precipitates. Here, hydrothermal fluids follow relatively shallow and convoluted flow
paths that skirt surface-breaching hydrothermal edifices and finally emerge at their sedimented
base or on the talus slope where these fluids sustain hydrothermal hotspots and microbial mats
(Dowell et al., 2016). The hydrothermally active zone in the southern axial trough of Guaymas
Basin is most likely fueled by shallow sills, similar to the massive sill encountered in DSDP Holes
477 (58—105 mbsf) and 477A (32.5-62.5 mbsf) (Shipboard Scientific Party, 1982). Unless fault
lines and fractures in the massive sediment layers of Guaymas Basin provide suitable transport
pathways (Gieskes et al., 1982), deep hydrocarbon reservoirs such as those at Sites U1545 and
U1546 would remain confined to the deep subsurface and age in place after the initial “burst” of
hydrocarbon production and expulsion during sill emplacement. Such reservoirs would remain
distinct from very young hydrocarbons in surficial sediment samples (1*C age of ~6000 years) that
are most likely generated by thermal maturation of organic matter in shallow subsurface sedi-
ments of Guaymas Basin, in consequence of shallow and recent sill emplacements (Peter et al.,
1991).
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