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ABSTRACT
The intrusion of igneous sills into organic-rich sediments accompanies the emplacement of 

igneous provinces, continental rifting, and sedimented seafloor spreading. Heat from intruding 
sills in these settings alters sedimentary organic carbon, releasing methane and other gasses. 
Recent studies hypothesize that carbon released by this mechanism impacts global climate, 
particularly during large igneous province emplacements. However, the direct impacts of sill 
intrusion, including carbon release, remain insufficiently quantified. Here, we present results 
from International Ocean Discovery Program (IODP) Expedition 385 comparing drill-core 
and wireline measurements from correlative sedimentary strata at adjacent sites cored in 
Guaymas Basin, Gulf of California, one altered by a recently intruded sill and one unaffected. 
We estimate 3.30 Mt of carbon were released due to this sill intrusion, representing an order 
of magnitude less carbon than inferences from outcrops and modeling would predict. This 
attenuated carbon release can be attributed to shallow intrusion and the high heat capacity 
of young, high-porosity sediments. Shallow intrusion also impacts sub-seafloor carbon cycling 
by disrupting advective fluxes, and it compacts underlying sediments, increasing potential 
carbon release in response to subsequent intrusions.

INTRODUCTION
Hydrocarbon formation driven by igneous 

sill intrusion into sedimentary basins has been 
extensively studied in both field and labora-
tory settings. Early scientific interest in using 
the steep thermal gradients surrounding sills as 
analogs for hydrocarbon maturation with burial 
(Simoneit et al., 1978) expanded into study of 
the metamorphic aureole of sills themselves 
(e.g., Saxby and Stephenson, 1987). The dem-
onstration that sill intrusion in the North Atlan-
tic Ocean basin could plausibly explain rapid 
early Eocene warming and the associated nega-
tive carbon isotope excursion (Svensen et al., 
2004) was followed by studies linking these 
processes to end-Permian extinctions (Svensen 
et al., 2004; Kaiho et al., 2009), Early Jurassic 
warming (Svensen et al., 2007), and Cretaceous 

anoxia (Turgeon and Creaser, 2008). The dis-
covery of sill-hosted hydrothermal systems in 
Guaymas Basin (Curray et al., 1982), Gulf of 
California, extended this interest to ecosys-
tems supported by high-temperature alteration 
products (e.g., Zierenberg and Holland, 2004; 
Teske et al., 2014) and introduced the notion 
that processes driven by sill intrusion, including 
alteration and release of gases out of the seabed, 
persist through time in many marine settings 
and are not limited to singular igneous events.

IODP EXPEDITION 385 SITES U1545 
AND U1546

International Ocean Discovery Program 
(IODP) Expedition 385 to Guaymas Basin 
(Fig. 1) explored the influence of systematic, 
widespread igneous sill intrusion on carbon 
cycling in young ocean basins. Guaymas Basin 
is a marginal basin that transitioned from rift-
ing to seafloor spreading ca. 6 Ma (Lizarralde 
et al., 2007; Miller and Lizarralde, 2013) and 

thus has attributes in common with young con-
tinental rifts and back-arc basins, including 
marine and terrestrial sedimentation, high heat 
flow, and active magmatism. Seismic data show 
that active magmatism in Guaymas Basin is not 
confined to the divergent plate boundary, but 
it instead extends tens of kilometers off axis, 
where it is manifest as sill intrusions into sedi-
ments (Lizarralde et al., 2011). In contrast to on-
axis hydrothermalism, off-axis sill magmatism 
has the potential to impact a much larger volume 
of sedimentary carbon (Lizarralde et al., 2011) 
and is analogous to sedimentary basin intrusions 
implicated in climate perturbations.

A key objective of Expedition 385 was to 
quantify sill-driven carbon release from off-axis 
sills. Sites U1545 and U1546 (Fig. 1) were cho-
sen to address this objective by comparison of 
cores from the two sites, one affected by a mas-
sive sill intrusion and one unaffected. The close 
spacing (∼1.1 km) of the sites and the relatively 
simple stratigraphy enable confident correlation 
between sites. The sill at Site U1546 is shallow 
enough to be accessible to scientific drilling, 
thick enough (∼77 m) to have an unambigu-
ous thermal impact, and thin enough to enable 
coring through the sill and into underlying 
sediments.

Sites U1545 and U1546 were cored to depths 
of 503.3 and 540.2 m below seafloor (mbsf), with 
high core recovery (Teske et al., 2021a, 2021b). 
The recovered sediments at both sites consist of 
a mix of biogenic and terrigenous components, 
primarily siliceous diatom tests, siliciclastic par-
ticles, and authigenic carbonate as micrite and 
nodules. The sediments are mostly laminated, 
implying limited burrowing and a low-oxygen 
seafloor environment. Total organic carbon 
(TOC) measured in core samples decreases from 

*International Ocean Discovery Program (IODP),
Expedition 385, http://publications​.iodp​.org​/proceed-
ings​/385​/385title​.html
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∼5 wt% at the seafloor to ∼2 wt% at 200 mbsf 
for both sites. Wireline logging measurements 
at each site, including seismic velocity, natural 
gamma radiation, and density, enabled accurate 
depth migration of the seismic profile crossing 
the sites (Fig. 2); detailed stratigraphic correla-
tion (see the Supplemental Material1); and the 
conversion from wt% TOC to volumetric weight 
of carbon (Fig. 3).

The 77-m-thick sill cored at Site U1546 is 
evident in the seismic profile, with a top at ∼355 
mbsf and notable deformation of the overlying 
sediments. The entire thickness of the sill was 
drilled, with 73% core recovery. The strati-
graphic correlation between sites indicates 
that the youngest and oldest possible paleo-
seafloor horizons at the time of sill intrusion 
are marked by horizons Y and 3, respectively, 
in Figure 2. Biostratigraphic datums identified 
in cores (Teske et al., 2021a, 2021b) provide a 
sedimentation rate of ∼102 cm/k.y. The sill thus 
intruded between 76 ka at 277 mbsf and 149 
ka at 201 mbsf. In situ formation temperature 
measurements were made every ∼30 m at each 

site. The observed linear geothermal gradient of 
∼223 °C/km indicates steady-state heat flow and 
implies thermal equilibration of the sill. Thus, 

the temperature of sediment surrounding the sill 
at the time of intrusion would have been similar 
to modern values of ∼50–65 °C. Core observa-
tions of grain sizes and igneous textures suggest 
that the sill formed from a single magmatic pulse 
and cooled slowly enough to develop smooth 
transitions from basaltic to doleritic rock types 
(Teske et al., 2021b).

The metamorphic aureole of the sill at Site 
U1546 can be estimated from changes in TOC 
measured in core samples (Teske et al., 2021a, 
2021b) and from the production index (PI) cal-
culated from source-rock analyses (SRA; Teske 
et al., 2021c). PI, the ratio of free hydrocarbon to 
free plus cracking-generated hydrocarbon (both 
measured using SRA; Peters, 1986), enables oil-
generation (0.1 < PI < 0.3) and gas-generation 
(PI > 0.3) zones to be inferred. PI values for 
U1546 samples are shown in Figure 3 along 
with green- and blue-shaded areas indicating the 
oil- and gas-generation zones inferred from that 
index. Above the upper aureole, average mea-
sured TOC is ∼30 kg/m3 at correlative depths 
for both sites. Site U1546 values are consistently 
below that average, and they are also less than 
correlative U1545 values, beginning at ∼16 m 
above the sill, which corresponds to the top 
of the oil-generation zone, and they decrease 
significantly beginning at ∼8 m above the sill, 
similar to the gas-generation zone. Below the 
sill, average TOC for Site U1546 samples is near 
40 kg/m3 below 455 mbsf, though the TOC of 
the deepest correlative Site U1545 samples, at 
∼31 kg/m3, is similar to values above the sill. 

1Supplemental Material. List of International 
Ocean Discovery Program (IODP) Expedition 385 
co-author scientists; pore-water sulfate and methane 
profiles for Sites U1545 and U1546; and details of 
the site-to-site stratigraphic correlation. Please visit 
https://doi​.org​/10​.1130​/GEOL.S.21919353 to access 
the supplemental material and contact editing@
geosociety.org with any questions.
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C

Figure 2.  Depth-migrated seismic section AH-0102 crossing International Ocean Discovery 
Program (IODP) Expedition 385 Sites U1545 and U1546 (Fig. 1C); blue lines indicate total drilled 
depth (km below sea level). Measured pore-water sulfate (green dots) and headspace methane 
(open dots) are indicated (see the Supplemental Material [see footnote 1]). Black and dashed 
lines are seismic sequence boundaries; numbers are sediment thicknesses in meters from 
seafloor to boundary 1, and between boundaries 1–2 and 2–3; Y marks youngest paleo-seafloor 
consistent with stratigraphy, and 3 marks oldest. CMP—common midpoint.

Figure 1.  (A) Guaymas Basin, Gulf of 
California, shown shaded. Blue box is 
expanded in B. (B) International Ocean 
Discovery Program (IODP) Expedition 385 
Sites U1545 and U1546 were drilled first 
(top left), followed by sites U1547–U1552 
(numbered 2–7). Deep Sea Drilling Program 
Leg 64 Sites 477, 478, and 481 are noted in 
white. Blue box is expanded in C. (C) Sites 
U1545 and U1546 indicated by green dots; 
edges of igneous sill drilled at Site U1546 
(white dots) were identified on seismic 
profiles (magenta). Seismic line AH-0102 
is shown in Figure 2.
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A notable decrease in TOC upward toward the 
sill base occurs over ∼15 m beginning at ∼447 
mbsf, consistent with the base of the gas-gener-
ation zone. The alteration of sediment is visibly 
evident as color and texture changes in cores 
from beneath the sill over a depth interval of 
∼5 m (Fig. 4).

ESTIMATE OF CARBON RELEASED 
DUE TO SILL INTRUSION

The amount of “released carbon” is under-
stood to be the difference between the amount of 
organic carbon in sediments before versus after 
the intrusion and alteration by a sill. Estimat-
ing carbon release involves defining the altered 
zone and subtracting estimates of organic car-
bon present after intrusion from carbon present 
before intrusion. The postintrusion case can be 
confidently estimated based on TOC measure-
ments and SRA performed on sediment core 
samples from Site U1546 (Teske et al., 2021b, 
2021c). The pre-intrusion case can similarly be 
estimated based on TOC measurements outside 
of the metamorphic aureole at Site U1546 and 
comparison with TOC measured in correlative 
strata from Site U1545 (Fig. 3).

The core-sample measurements of TOC 
within the aureole indicated a steep decrease 
toward the sill. We estimated TOC present 
within the aureole to decrease exponentially 

toward the sill from a reference value to zero, 
yielding a release of ∼70% of the available 
organic carbon over a given interval. We con-
sidered two cases, one with carbon release from 
the oil-generation boundary to the sill (gas + oil 
case) and one from the gas-generation bound-
ary (gas-only case). We used reference values of 
30 kg C/m3 above the sill and 40 kg C/m3 below 
the sill. The reference values yielded pre-intru-
sion organic carbon spatial densities of 1364 kg 
C/m2 and 843 kg C/m2 for the gas + oil and gas-
only cases. Subtracting calculated TOC within 
the aureole yielded spatial densities of 983 kg 
C/m2 and 586 kg C/m2 for the two cases, with 
an average of 784 kg C/m2. Multiplying these 
densities by an estimated 4.2 km2 area of the sill 
at Site U1546 (Fig. 1) yielded maximum and 
minimum amounts released of 4.12 and 2.46 
Mt of C, or an average amount of 3.29 Mt of C 
released due to sill intrusion. This is equivalent 
to 3.86 Mt of CH4 or 12.85 Mt of CO2.

COMPARISON OF MEASURED 
CARBON RELEASED TO OTHER 
ESTIMATES

The estimated carbon released linked to the 
77-m-thick sill at Site U1546 is substantial, 
equivalent to about one quarter of the annual 
global CO2 flux from terrestrial volcanism (53.1 
Mt of CO2; Fischer et al., 2019). However, our 
estimate of 3.3 Mt of C is small for an intruded 

sill of this size relative to computations using 
published models. Modeling by Aarnes et al. 
(2010) predicts that a 100-m-thick, 4.2-km2-area 
sill intruding sediments with 2 wt% organic car-
bon would have a methane-generation potential 
of 73 Mt of CH4. Iyer et al. (2013) predicted 
the same sill may release ∼109 Mt of CH4 in 
models that included fluid flow. The 10-fold dif-
ference between these model predictions and 
observations cannot be due solely to the 25% 
difference between observed and modeled sill 
thicknesses. Factors that impact sill-driven gas 
generation include intrusion depth, host-rock 
temperature, and sediment type. Models of sills 
intruded at depths ranging from 0.4 to 5.1 km 
indicate that intrusion depth is the dominant fac-
tor controlling methane mobilization (Galerne 
and Hasenclever, 2019).

Sill-driven organic matter pyrolysis is 
increasingly limited as intrusion depth shallows 
above 500 m. Marine sediment porosity com-
monly decreases with compaction from ∼100% 
to ∼50% over the upper 500 mbsf, with a trend 
toward more linear decrease below 500 m 
(Tenzer and Gladkikh, 2014). The volumetric 
density of organic carbon increases with com-
paction, while the specific heat of the sediment 
decreases. Higher-porosity sediments therefore 
require more heat to raise their temperature, 
since the heat capacity of water is large, i.e., 
∼5 times that of sedimentary grains. The dif-
ference in aureole thickness above versus below 
the sill at Site U1546 and the corresponding 
factor-of-two difference in carbon release are 
likely due to the influence of compaction. The 
stratigraphic correlation indicates that ∼36 m of 
sill thickness was accommodated by compaction 
of underlying sediments, with a corresponding 
∼12.5% increase in bulk density and an ∼39% 
decrease in heat capacity of the compacted sedi-
ments, which is similar to the ∼38% difference 
in aureole thickness below versus above the sill.

Intrusion depth also dictates host-rock tem-
perature for a given geothermal gradient, with 
deeper intrusions requiring less heat to warm 
sediment to hydrocarbon-formation tempera-
tures. The thermal gradient at Site U1546 is 
large, and the temperatures at the ∼230 m intru-
sion depth are similar to those at ∼1 + km depth 
in many continental basins. Therefore, the rela-
tive inefficiency of carbon release for the sill 
at Site U1546 cannot be ascribed to low host-
rock temperatures. Similarly, the organic mat-
ter within the sediments at Site U1546 consists 
primarily of type II kerogen (Teske et al., 2021a, 
2021b). This would not limit hydrocarbon pro-
duction given the availability of water to provide 
hydrogen (Seewald, 2003).

PERSISTENT INFLUENCE OF A 
SHALLOW INTRUDED SILL

The sill that intruded at Site U1546 appears 
to have had an impact on carbon cycling within 

Figure 3.  (Left) Total organic carbon (brown dots) measured from core samples as weight per-
cent and converted to density using density logs in right panel. Data from International Ocean 
Discovery Program (IODP) Expedition 385 Site U1545 were shifted to stratigraphic correlative 
depths at Site U1546 (see the Supplemental Material [see footnote 1]). Blue dots are production 
index (PI), where green regions are oil generation, and blue regions are gas generation. Green 
and red curves are exponential functions integrated to estimate organic carbon present within 
alteration zone. (Right) Bulk density log profiles from Sites U1545 and U1546, with = U1545 log 
shifted to depths correlative with U1546. Gap in U1545 log between 336 and 353 mbsf (correla-
tive depth) has been filled with median measured value between 320 and 345 mbsf.
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the upper 100 m of sediment, distinct from ther-
mogenic alteration, and it persists to the pres-
ent day. Pore-water sulfate and core-headspace 
methane concentrations measured from cores 
(Fig. 2; see the Supplemental Material) indi-
cate a large difference in the depth of the sul-
fate/methane transition zone (SMTZ) between 
Sites U1545 (50 mbsf) and U1546 (110 mbsf). 
The SMTZ marks the intersection of sulfate 
and methane concentration profiles and rep-
resents the depth where the downward flux of 
sulfate from the water column is balanced by 
the upward flux of methane from deeper sedi-
ments (Iversen et al., 1985). Headspace gas 
measurements from cores indicate pore-water 
peaks reach ∼10,000 µM H2S and ∼2.25 mM 
methane accumulation below the SMTZ (Teske 
et al., 2021a, 2021b), indicating active methano-
genic and sulfate-reducing, methane-oxidizing 
microbial communities at both sites. The steeper 
sulfate gradient at Site U1545, however, points 
to a lower flux of methane at Site U1546 rela-
tive to Site U1545.

Compaction-driven advective fluid flux pro-
vides a plausible explanation for the difference 
in SMTZ depths between these sites. Advective 
flux delivers methane to the SMTZ from below 
and counters downward diffusion of seawater 
sulfate (Regnier et al., 2011). Vertically advect-

ing fluids at Site U1546 are limited to fluids that 
are compacted only out of sediments between 
the seafloor and the igneous sill due to the low 
permeability of the sill. These sediments are on 
average older and thus more compacted than 
the sediment column at Site U1545. Sills with 
lateral dimensions that are large with respect to 
emplacement depth may thus limit the export 
of thermogenic gas out of the sediment column 
once the sill has cooled.

SUMMARY
Scientific drilling results show that the 

impact of igneous sill intrusion into young, shal-
low basins differs from intrusions into older, 
deeper sedimentary basins. The large water 
content of young, shallow sediments requires 
substantial heat to raise sediment temperature 
to levels required for thermal cracking of kero-
gen, resulting in less hydrocarbon production 
for shallower intrusions. In addition, subsidence 
of a low-permeability igneous sill into compact-
ing underlying sediments may inhibit upward 
migration of dissolved thermogenic gases. These 
effects themselves substantially impact the 
intruded sediments, which are left more com-
pacted and hydrocarbon rich than those prior to 
intrusion, effectively accelerating the maturation 
through compaction and heating with burial that 

is typically observed within deep sedimentary 
basins unaffected by igneous intrusions.
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