Received: 26 July 2022 Revised: 5 January 2023 Accepted: 15 January 2023

DOI: 10.1111/bre.12755

Basin 155 EAGE
RESEARCH ARTICLE Research = WILEY

Heat flow and thermal regime in the Guaymas Basin, Gulf
of California: Estimates of conductive and advective heat
transport

Florian Neumann' | Raquel Negrete-Aranda’ | Robert N. Harris® |
Juan Contreras' | Christophe Y. Galerne®® | ManetS. Pefa-Salinas*® |
Ronald M. Spelz*® | Andreas Teske’® | Daniel Lizarralde®® | Tobias W. Hofig’ © |

Expedition 385 Scientists

!Tectonophysics and Heat Flow

Laboratory, CICESE, Centro de Abstract
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University of Bremen, Bremen, Results show that sedimentation corrected heat flow values range 119-221 mW/
Germany m? in the basin and 257-1003 mW/m? at the site of a young sill intrusion, denomi-
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time of the sediments (ca. 10° yr), and the cooling of the entire crust at geologic
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1 | INTRODUCTION

The Expedition 385 Guaymas Basin Tectonics and
Biosphere of the International Ocean Discovery
Program (IODP) has been designed to advance our un-
derstanding of the physical, chemical, and biological
processes associated with magmatic sills intruded into
organic-rich sediment (Einsele et al., 1980; Saunders
et al., 1982; Teske et al., 2021a). Heat released from
these intrusions is an important agent in producing
and liberating CO,, CH,, and petroleum from organic-
rich sediment (e.g., Svensen et al., 2004). The heat
liberated also drives hydrothermal fluid circulation
through the sill/sediment sequences that can trans-
port these products to the seafloor, the water column,
and possibly the atmosphere, where they contrib-
ute to the greenhouse effect (Aarnes et al., 2010;
Berndt et al., 2016; Galerne & Hasenclever, 2019;
Iyer et al., 2013; Kawka & Simoneit, 1987; Simoneit &
Kawka, 1987; Von Damm et al., 1985). Additionally,
because microbial ecology is energy-dependent, tem-
perature measurements were particularly useful dur-
ing Expedition 385 to help formulate a microbiological
sampling strategy.

The thermal regime of rift zones like the Guaymas
Basin (GB) in the Gulf of California (GOC) is controlled
by the supply of heat at the base of the lithosphere, the
decay of radioactive isotopes, chemical reactions, phase
transitions, and heat loss at the surface (Figure 1). This
regime, in turn, is modified by spatial and temporal vari-
ations in sedimentation as well as by changes in thermal
and other petrophysical properties like permeability that
modulate the heat transferred through the lithosphere
by conduction and advection. Heat, ultimately, controls
and facilitates rifting (e.g., Leroy et al., 2010; Lizarralde
et al., 2007).
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Highlights

« Estimation of heat flow in the Guaymas Basin
from deep ocean boreholes.

« Thermal processes of igneous sill intrusions
into organic-rich sediment.

« Discuss the extend of hydrothermal circulation,
and the conductive heat flow throughout the
basin.

« We show that small amounts of magma are re-
quired to keep rifting going.

To get more details about how these processes interact
with each other, six sites were drilled in the northwest-
ern part of the basin, one at the ridge axis in the north-
ern trough close to Deep Sea Drilling Project (DSDP)
Leg 64 Site 481 and one on the eastern side of the basin
(Figure 1a). Two sites were drilled within or in the vi-
cinity of Ringvent, a ring-shaped structure, character-
ized by significant thermal anomalies (Teske et al., 2019,
Figure 1b). Only three sites are in areas of previously
collected shallow heat flow measurements (e.g., Fisher
& Becker, 1991; Geilert et al., 2018; Williams et al., 1979)
and five sites cover areas with no previously estimated
heat flow values. In this study, we report and analyse for-
mation temperature and thermal conductivity measure-
ments obtained during the IODP Expedition 385. These
measurements allow us to accurately constrain the tem-
perature and thermal properties of sediment cores from
which we obtain precise estimates of heat flow, heat bud-
get, heat transfer mechanisms, and the thermal impact
on the sediment during the thermal evolution of these
sill intrusions. Our results, in combination with previous
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FIGURE 1 Tectonic setting of the Guaymas Basin. (a) Shallow heat flow measurements (circles) and drilled sites during DSDP/IODP
Expedition 64 (triangles) and 385 (squares), respectively. Faults (red solid lines) are taken from Lonsdale (1989). Rectangles represent heat
flow profiles shown in Figure 6b. (b) Sites drilled at the Ringvent structure during IODP Expedition 385 (modified from Teske et al., 2019).

Open squares represent holes, without temperature measurement and therefore no heat flow estimate was obtained (Table 1). (c) Overview

map with location of the Guaymas Basin within the Gulf of California.

heat flow surveys, illustrate the complicated thermal set-
ting apparent in the Guaymas Basin. These observations
provide evidence on advective cooling of a recent sill in-
trusion in a highly sedimented young rift setting. We at-
tempt to separate from the total heat flow, the conductive
and advective components and their timescales to extract
relationships between tectonic setting, basin thermal re-
gime, and hydrothermal activity.

2 | GUAYMAS BASIN

The GB is the largest of the enclosed basins in the GOC
with a width of ~100km (Figure 1a). It is a young sea-
floor spreading centre where new oceanic crust is being
formed in an environment of rapid sedimentation
(Calvert, 1966; Lizarralde et al., 2007). The basin floor
reaches a maximum depth of ~2.1 km bsl and contains
two large northeast-trending grabens: the northern and
southern troughs. They are 40 and 20 km long, respec-
tively, and 3-4 km wide each (Figure 1a). These struc-
tures are interpreted as two axial rift valleys offset by
about 20km presumably by a transform zone (Berndt
et al.,, 2016; Lonsdale & Becker, 1985, Figure 1la).

Spreading in the GB is ongoing as microseismicity be-
neath the trough walls, suggesting seismic release of
slip along boundary faults (Reichle & Reid, 1977). The
opening of the basin is thought to have started between 4
and 6 Ma ago with a spreading rate of 4.8-6 cm/yr based
on the restored position of Baja California Peninsula to
its former position adjacent to mainland Mexico and
GPS data (Bischoff & Henyey, 1974; Hamilton, 1961;
Larson et al., 1972; Lizarralde et al., 2007; Umbhoefer
et al., 2020).

Sedimentation in the southeastern portion is domi-
nated by mass transport deposits and turbidites derived
mainly from the Rio Mdatape and Rio Yaqui rivers. By
contrast, sediments in the northwestern part are mainly
of hemipelagic origin (Curray et al., 1982a; Einsele &
Kelts, 1982; Lizarralde et al., 2011; Teske et al., 2021a).
These hemipelagic deposits are largely composed of
diatoms resulting from high primary organic produc-
tivity in the photic zone (Curray et al., 1982a; Einsele
& Kelts, 1982; Van Andel, 1964). Sediment accumula-
tion rates in the GB show a wide range of values that
vary between 1 and 5 m/kyr (e.g., Berndt et al., 2016;
Calvert, 1966; Teske et al., 2019, 2021a), keeping the
floor of the trough mostly smooth. These rates are
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much greater than typical pelagic rates of 5-50 mm/
kyr (Bischoff & Henyey, 1974; Calvert, 1966; Curray
et al., 1982a) presently observed in the southern GOC
(e.g., Ramirez-Zerpa et al., 2022), but are in line with
sedimentation rates documented for the Tiburon,
Wagner, and Laguna Salada basins north of GB (e.g.,
Aragon-Arreola & Martin-Barajas, 2007; Contreras-
Pérez et al., 2012; Dorsey, 2010). Sediment thick-
ness in the GB is in the order of 1-3 km (Lizarralde
et al., 2007; Teske et al., 2021a). In fact, it is thought
that the high sedimentation rates in the GB inhibit the
extrusion of basalts onto the basin floor, the forma-
tion of a typical ridge axis, and the appearance of mag-
netic anomalies (DeMets, 1995; Klitgord et al., 1974;
Lawver & Hawkins, 1978; Levi & Riddihough, 1986;
MacDonald & Atwater, 1978). Instead, sills intrude
into sediments and form sheet-like structures at dif-
ferent levels that are likely controlled by a mechanical
stratigraphy (Einsele et al., 1980; Einsele & Kelts, 1982;
Kastner, 1982).

2.1 | Ringvent site

One important target of IODP Expedition 385 is
Ringvent (Figure 1b). This structure consists of a circu-
lar array of active seafloor hydrothermal vents located
ca. 28 km northwest of the northern trough (Figure 1b).
A detailed description of the Ringvent site can be found
in Teske et al. (2019) as well as Teske et al. (2021e) and
is briefly summarized here. This ring-shaped structure
has a diameter of approximately 800 m and rises about
15-20m above the surrounding seafloor. It is situated
on top of a cone-sheet intrusion (i.e., a saucer-shaped
sill without the inner flat portion) located at a depth of
around 150 m below the basin floor (Figures 1b and 3).
Seismic stratigraphy reveals Ringvent is significantly
younger than the crustal age (ca. 0.9 Ma) suggesting that
the sills intruded off-axis (Lizarralde et al., 2011). Teske
et al. (2019) found that the structure is characterized by
high thermal gradient anomalies (around 5°C/m), lo-
calized hydrothermal fluid flow, methane seepage, and
extensive seep fauna and microbial communities. These
authors concluded that Ringvent is in transition from
sill-driven hydrothermalism to cooling dominated by lo-
calized fluid flow. During IODP Expedition 385 a total
of ten holes were drilled, eight along a transect from
SW-NE and two (U1548D-E) in the near vicinity (ca.
1 km) of Ringvent (Figure 1b). Both holes, U1548D-E,
were drilled to characterise the geochemical signature
of an observed lateral change in sediment strata which
may be related to the sill intrusion at Ringvent (Teske
et al., 2021e).
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2.2 | Previous heat flow surveys and
hydrothermal circulation in GB

The first heat flow measurements in the GOC and GB
were performed in the early 1960s and 1970s by Von
Herzen (1963), Lawver et al. (1973, 1975), Lawver and
Williams (1979), and Williams et al. (1979). They were fol-
lowed by more detailed surveys in the northern and south-
ern troughs and by DSDP Leg 64 (Curray et al., 1982a,
1982b; Fisher & Becker, 1991; Lonsdale & Becker, 1985,
Table S3). The bulk of heat flow data in the GB is concen-
trated in and around the northern and southern troughs
(Figure 1a). High values of heat flow in those areas have
been interpreted as upwelling of hydrothermal waters dis-
charging along permeable pathways such as fault zones
and fissures in proximity of mafic intrusions, whereas
low values of heat flow have been interpreted in terms
of bottom water recharging of the hydrothermal system
(Fisher & Becker, 1991; Geilert et al., 2018; Lonsdale &
Becker, 1985). In the southern portion of the northern
trough, heat flow sites are more scattered than in the
southern trough and high heat flow zones are smaller
and more isolated (Fisher & Becker, 1991, Figure 1a).
Overall, low values of ca. 150 mW/m? are observed in the
northern part of the northern trough close to the trans-
form fault (Figure 1a). Values in the southern part of
the northern trough are more sparsely distributed and
high heat flow zones tend to be smaller than those in the
northern part (Fisher & Becker, 1991). Existing heat flow
data in the southern trough (e.g., Fisher & Becker, 1991;
Lawver et al., 1975; Lawver & Williams, 1979; Williams
et al., 1979) shows that the GB is associated with relatively
high heat flow and that active hydrothermal cooling takes
place in patches. Here, heat flow station values vary two
orders of magnitude within a few hundred meteres of each
other (Fisher & Becker, 1991; Lonsdale & Becker, 1985).

Based on available data it can inferred the exis-
tence of three different hydrothermal systems in the
GB (e.g., Gieskes et al., 1982; Kastner, 1982; Lonsdale &
Becker, 1985): (1) short-lived activity produced by sills
intruding into sediments characterised by relatively high
heat flow and patchy active hydrothermal cooling; (2)
fluid circulation in surface sediments above recent sill in-
trusions produced by the development of convective cells
above the sills; and (3) deep magma reservoirs caused by
adiabatic and flux melting in the rift environment which
feed the sill intrusions at shallow levels.

3 | THERMAL DATA

The new dataset consists of thermal conductivity and equi-
librium sediment temperature from which we estimate
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the heat flow at each hole. It should be noted that we also
estimated radiogenic heat production but these are negli-
gible. Values of these estimates for each hole are presented
in the Supplemental information.

3.1 | Thermal conductivity

Thermal conductivity is an important material parame-
ter that modulates the conductive cooling rate of sills and
the transference of heat to wall rocks. This parameter was
measured on recovered core material, in general on the
third section of each core or neighbouring section in the
case that the third section was not suitable, using both
the needle probe and half-space line-source technique
onboard the D/V JOIDES Resolution (Vacquier, 1985;
Von Herzen & Maxwell, 1959). Additionally, the ther-
mal conductivity of rock chips and some lithified sedi-
ment was measured using a divided bar apparatus which
is often used for small samples of odd sizes and shapes
(Beck, 1988; Crowell & Gosnold, 2012; Sass et al., 1984).
In general, needle probe measurements were made in
unlithified sediments, whereas half-space line-source
measurements were made in lithified sediment and
hard rock samples where pieces were large enough for
the half-space line-source. Both techniques estimate
the thermal conductivity by measuring the temperature
change as a function of time during a period of transient
heating. Usually, these methods yield conductivities that
agree with each other within 5% or better. Additional
details on these systems and the measuring procedure
are given in Teske et al. (2021b). Recovered rock chips
that were too lithified for the needle probe and too small
for the half-space technique were measured using a di-
vided bar technique. As described in the Supplementary
Information 20 determinations of thermal conductivity
using that method (Table S1 and Figure 2) were per-
formed on samples from Site U1546, where a 77 m thick
sill was penetrated. The measurements include the al-
tered and indurated sediments above and below sill/
sediment contact zones. Thermal conductivity measure-
ments for samples collected at similar depths (within ca.
0.5 m of each other) for the same hole but performed
using half-space line-source measurements show that
the lower divided bar underestimates thermal con-
ductivity by around 16% with respect to the half-space
method (Figure 2).

Thermal conductivity values were corrected for in-
situ pressure and temperature conditions, assuming hy-
drostatic pressure and the observed background thermal
gradient. We applied a pressure correction of +1% per
1800 m (Ratcliffe, 1960). Temperature affects the ther-
mal conductivity in two opposing ways. The thermal

conductivity of water filling porosity increases with
temperature (Keenan et al., 1978) and thermal conduc-
tivity of the rock matrix decreases with temperature
(Zoth & Haenel, 1988). We accounted for these effects
by applying a temperature correction of +1% per +20°C
difference between the laboratory and in situ conditions
(Ratcliffe, 1960).

Figures 2 and 3 display thermal conductivity values
along with major lithostratigraphic units for the drilled
sites. In general, thermal conductivity varies as a func-
tion of lithology and porosity (see Figures S1A and S1B
in the Supplemental Information). Thermal conductivity
is relatively constant throughout the diatom ooze/clay,
micrite-rich diatom clay and siliclastic-dominated depo-
sitional units with mean and standard deviation value of
0.81+0.14W/m/K (Figure S1A). Siliceous claystone has a
higher mean and standard deviation of 1.11 +0.42W/m/K.
The sand-silt layer observed at Sites U1550 and U1551
show the highest values in thermal conductivity but are
less scattered with a mean and standard deviation of
1.25+0.22W/m/K. Because drilling-induced fractures
normally broke up cores around sill-sediment contact
zones (e.g., U1545 & U1546, Figure 2), only a few mea-
surements were obtained using the divided-bar apparatus.
Still, the apparatus yielded values of thermal conductiv-
ity consistent with those obtained using the needle probe
and half space technique as can be appreciated in Site
U1546 (Figure 2). Notice in this figure how the divided-
apparatus measurements follow the shipboard estimation
trend, having small discrepancies of 0.1 +0.07W/m/K and
0.38 +£0.05W/m/K for measurements above and below the
sill, respectively.

Generally, sediments display higher thermal conduc-
tivities around sill-sediment contact zones (e.g., U1545 &
U1546, Figure 2) due to a reduction in porous space by ca.
50%. For the upper and lower sill/sediment contacts, off-
sets are 0.59 and 0.04 W/m/K, respectively. Samples from
the sill intrusion show a mean offset of 0.35+0.24 W/m/K
between both techniques. At Site U1546, thermal conduc-
tivity increases significantly from the siliceous claystone
above the intrusion (0.90 +0.15W/m/K) to the sediment/
sillboundary to a mean value of 1.63 +0.71 W/m/K. Within
the sill, conductivity values are 1.72 +0.21 W/m/K and de-
crease below the sill to a mean value of 0.99+0.16 W/m/K.
Sill thermal conductivities range from 1.2 to 2.0 W/m/K
and are in good agreement with values for basalt pub-
lished in the literature (e.g., Cerméak & Rybach, 1982;
Raznjevic, 1976). Samples recovered from the sill layers
showed alterations near the contact zones, moderate ve-
sicularity with rounded inclusions and a transition from
fine to medium up to coarse-grained textures towards the
centre of the sill. These factors can contribute to the ob-
served variation in thermal conductivities.
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3.2 | Downhole temperature
measurements

A total of ninety-three high-quality in-situ tempera-
ture measurements were made in the GB (Figure 4
and Table 1). Downhole equilibrium temperatures
were measured with the Advanced Piston Corer
Temperature Tool (APCT-3, Heesemann et al., 2006),
which is depoyed on a core barrel, and the Sediment
Temperature Tool (SET-2) that fits within the cut-
ting shoe of the Extended Core Barrel (XCB) coring
tool. The SET-2 was designed for measuring tempera-
tures in semi-consolidated sediments too stiff for the
APCT-3 tool (Davis et al., 1997). During Expedition
385, we used two sets of the APCT-3 and SET-2 tools.
The first set was calibrated up to a temperature of 55°C,
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while the second set was accurate up to 90°C (Teske
et al., 2021b). To avoid thermal disturbance from drill-
ing, the APC is hydraulically advanced 9.5 m into the
sediment beyond the drill bit at the bottom of the hole.
The APCT-3 is then held in position for 7 to 10 min
while the frictional heating of penetration decays and
temperature is recorded as a function of time. The
temperature-time series is then extrapolated to equi-
librium sediment temperatures by fitting synthetic
curves to the recorded data. In stiffer and more lithified
sediments, the SET-2 tool is used, but it only penetrates
1.4 m below the drill bit and is held in place by apply-
ing weight. A drawback of the more lithified sediments
is that cracks can develop during the tool insertion, de-
grading the quality of the temperature measurement.
Poor SET-2 measurements occurred six out of the 93
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FIGURE 4 Equilibrium sediment temperature measurements and heat flow analysis for IODP Expedition 385 presented for Guaymas
Basin (a, b) and Ringvent (c, d) sites. APCT-3 and SET-2 instruments are plotted as circles and squares, respectively (a, ¢). Temperature
plotted as a function of depth (open symbols) and to the left the corresponding cumulative thermal resistance (solid symbols). Solid line
shows best-fitting linear fit and the slope indicates the heat flow (q) and the intercept is the long-term bottom water temperature (T,

Table 1). Dotted lines indicate 95% confidence interval from the linear fit. (b, d) Residuals from the linear fit plotted as a function of thermal
resistance. Symbols are plotted on a relative scale to avoid overlap and the dashed line shows position of residual for each site. Note that, for
U1547B only 5 temperatures with their respective thermal resistance are shown.
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times and these outlier measurements are excluded
and not discussed.

Most holes have 3-5 equilibrium temperature mea-
surements (Figure 4 and Table 1). Site U1545 has the
most, with a total of 30 measurements. Measurement
depth ranges from ~30 mbsf at U1548 to ~359 mbsf at
Site U1545, with most measurements between 65 and
120 mbsf. Thermal gradients range from 100°C/km at
the eastern side of GB (U1550) to 958°C/km at Ringvent
(U1548).

3.3 | Heat flow determinations

Heat flow was calculated using the thermal resistance
method (Bullard plot, Bullard, 1939), which allows the
calculation of heat flow even if thermal conductivity
changes with depth. This method includes only thermal
conductivity measurements within the depth range of the
temperature measurements and assumes that heat flow
remains constant with depth; this makes possible to ex-
press variations in temperature T(z) with depth, z, as a
function of cumulative thermal resistance 1/A(z) as de-
scribed by Equation (1):

T(z) =Ty +qo ZL Az;/ A@);. M

Here T, is the long-term bottom water temperature, q,
is surface heat flow, A(z); is the thermal conductivity mea-
sured over the ith depth interval, Az;, and the summation
is performed over N depth intervals from the surface to the
depth of interest zy. In practice, T(z) is plotted as a func-
tion of summed thermal resistance, and T, and g, are esti-
mated through a least square fitting algorithm (Figure 4a,c).
However, at four holes (U1547A, U1548C, U1552A, and
U1552C), only a handful of thermal conductivities were
measured and therefore, heat flow was estimated using
Fourier's law,

qo= — 4dT/dz. )

The resulting heat flow values and uncertainties for
each hole are listed in Table 1; uncertainties were computed
using: (1) standard deviation from the 95% confidence in-
terval of the linear regression to the Bullard plot (Figure 4);
and (2) the error propagation using the variance formula
(Equation 4, Supplemental information). The latter was
used for those cases where Fourier's Law was applied and
included uncertainties for thermal conductivity and gradi-
ents. In general, the total uncertainties are about 18% of the
heat flow magnitude.

Heat flow from the drilled sites in the GB shows high
variability with values ranging from 108 to 929 mW/m?
(Figure 1 and Table 1). The highest heat flow is observed
at Ringvent Site U1547 where 5 holes were drilled. The
mean and standard deviation values within the ring
structure are 548 + 30 mW/m?2. Holes U1548A, B, and C
approach the outer rim of the structure, and show in-
creasing heat flow values from 516 to 929 mW/m? with a
mean and standard deviation value of 697 +211 mW/m>.
At about 1 km distance from Ringvent, Holes U1548D
and U1548E show similar heat flow values of around
251+30 and 238 +108 mW/m?, respectively. The most
northwestern Sites U1545 and U1546 have consistent
values of ca. 160mW/m? These two sites contain the
thickest and most complete stratigraphic record of the
basin. Site U1545 was selected to provide a reference
sedimentary succession not thermally altered to com-
pare with Site U1546 which has a significant degree of
alteration from sill intrusions (Teske et al., 2021a). Site
U1552 located northeast of the Ringvent site, towards
the Sonoran margin, shows a slightly higher heat flow
of about 200mW/m? At this site, hydrate-rich sedi-
ments overlying the sill intrusion at a depth of approx-
imatly 700 m below the basin floor (Teske et al., 2021i)
expanded in the core liner and complicated shipboard
thermal conductivity measurements. The uncertainties
associated with these effects are difficult to account
for and the heat flow estimate for this site should be
interpreted cautiously. Site U1549 targeted an off-axis
seep characterised by a loss in seismic coherence, sug-
gesting gas upflow (Teske et al., 2018, 2021f). The ob-
served heat flow at this site is 144 + 16 mW/m? but gas
expansion, once again, made needle probe measure-
ments inaccurate, forcing us to use the half-space line-
source method instead. Heat flow decreases to a value
of 141+17mW/m? at the axis of the northern trough
(U1550, Teske et al., 2021g). However, the lowest heat
flow value recorded (108 +24 mW/m?) is at Site U1551
located in the southeastern GB. At this site a cone-sheet
sill intruded into terrigenous turbidite sediments (Teske
etal., 2021h).

4 | DISCUSSION

4.1 | Conductive cooling

Figure 5 illustrates heat flow data compiled for the GB
(Table S3) displayed as a function of crustal age assum-
ing a constant full spreading rate of 50 mm/yr (Lizarralde
etal., 2011; Umhoefer et al., 2020). The thermal structure
of normal oceanic lithosphere is well described by plate
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FIGURE 5 Compiled heat flow data from the Guaymas Basin
as a function of plate age. Shallow heat flow probe measurements
are separated for the northern (circles) and southern (diamonds)
troughs; blue and red symbols represent IODP and DSDP
expeditions, respectively. Dashed lines show the conductive cooling
model (wide) and the linear trend after ca. 0.2 Ma (slim).

spreading models that show a scaling relation q~t=1/2
between heat flow, g, and plate age, t, for seafloor ages
>50Ma (e.g., Goutorbe, 2010; Stein & Stein, 1992). This
cooling trend corresponds to the dotted line in Figure 5
and is shown as reference. Heat flow values in the GB
correspond to plate ages <3 Ma, with the majority of es-
timates <0.5 Ma because the objective of those surveys
was to understand the northern and southern troughs.
Low values for young crustal ages are located around
nearby normal faults and are interpreted to be sites of
bottom water recharge (Fisher & Becker, 1991). High
heat flow values =600 mW/m? are associated with shal-
low sill intrusion, while areas with values >1000 mW/m?
are associated with hydrothermal edifices (Lonsdale &
Becker, 1985; Fisher & Becker, 1991; Geilert et al., 2018;
Figures 1a and 5). Finally, values >1500mW/m?* are
in good agreement with conductive values predicted
from the half space cooling model of mid-ocean ridges
(e.g., Hasterok, 2013; Parsons & Sclater, 1977; Stein &
Stein, 1994; Figure 5). However, a word of caution: heat
flow variability at the GB is almost certainly the result of

ongoing sill intrusions in which hydrothermal circula-
tion has little or no influence on how heat is dissipated
within the lithosphere (Fisher, 1998).

Excluding values close to the troughs, we estimate heat
flow in the GB to be 176 +48 mW/m? This is essentially the
same value estimated by Lawver and Williams (1979) of
180+10 mW/m?. Either way, these values are lower than
those predicted by conductive cooling models (Figure 5).
Heat flow values for crustal ages >=0.2 Ma also display
reduced variability, indicating a regional background ther-
mal regime.

It is noteworthy that none of the heat flow values dis-
cussed above are corrected for perturbations associated
with bottom water temperature variations and thermal re-
fraction. These effects are negligible (see Supplementary
Information). In contrast, the influx of sediment which
transiently decreases temperature until the deposited sed-
iment warms to the background thermal regime, can be
an important effect but variations and poor knowledge of
sediment accumulation rates around the GB make it dif-
ficult to determine precise values for this correction. The
only area with reliable information is the northern edge
of the basin. Two sites there show sediment accumulation
rates of 364m/Ma (U1552) and 1020 m/Ma (U1545/1546).
Although these rates are enough to decrease heat flow by
8% and 20%, respectively (see Figure S2 and Table S2 in
Supplemental Information), they appear to be on the low
side. For example, heat suppression in the Wagner Basin
in the northern GOC, whose tectonostratigraphy might
be analogous to the central GB, can be as high as 50%
(Neumann et al., 2017; Pefia-Dominguez et al., 2022). In
either case, the corrected heat flow would still be lower
than that predicted by the cooling model.

4.2 | Influence of transform faults on the
regional thermal regime

In the previous section we compared the GB with a
one-dimensional purely conductive lithospheric cool-
ing model. This assumption is partially incorrect as the
GB is also bounded by two transform faults: the Canal
de Ballenas and Farallon Transforms that link GB with
the Delfin and Farallon basins to the north and south,
respectively (Figure 1a). In addition, the GB troughs are
offset by a central transform around 20km long. We now
compare the thermal influence of the transform/fracture
zones that enclose the basin and dissect the central trough
with idealized thermal models of oceanic ridge-transform-
ridge systems (e.g., Chen, 1988; Forsyth & Wilson, 1984;
Lonsdale, 1989; Louden & Forsyth, 1976; Morgan &
Forsyth, 1988). In these models plates are initially in ther-
mal disequilibrium causing a significant exchange of heat
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across transforms that gradually diminishes with distance
and age as plates reach thermal equilibrium (Louden &
Forsyth, 1976). However, the tectonic configuration of
the GB central troughs is distinct from that anticipated by
models as both troughs display significant overlap. The
age offset in the eastern part of the southern trough, be-
tween the younger (southern) and the older (northern)
plate, is around 0.3 Ma, significantly smaller than the
one used in numerical setups (Forsyth & Wilson, 1984;
Louden & Forsyth, 1976).

To avoid the high variability close to the troughs, we
only present heat flow data for plate ages >=0.5 Ma in
two q vs. distance-to-transform diagrams (Figure 6). Each
datum in these diagrams has been colour-coded with its
plate age. It is also noted that only a few measurements
are available to test some of the model's predictions. We
chose four profiles across the fracture zone with differ-
ent age offsets (Figures 1a and 6b). The profiles shown
in Figure 6b display values of 159+6 and 177 +46 mW/
m? for the southern and northern part of the transform
segment, respectively (Figure 1a). Heat flow values for the
younger plate generally exceed models’ predictions though
no conclusive statement can be made based on the limited
heat flow measurements available across the fracture zone
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and the fact that values are within one standard deviation
(Figure 6b). In Figure 6, it can also be observed that: (1)
no clear relation exists between heat flow and distance-to-
transforms; (2) the same is true for heat flow and plate age;
(3) both proximal heat flow values (<8 km) and distal ones
(>30km) show steady values of 140 mW/m?, less than the
estimated average heat flow of ca. 175 mW/m?; and (4)
there is a slight rise in heat flow at a distance of around
20km from the faults but the dataset cannot fully resolve
whether the transforms are the source of these anomalous
values or a high heat flow anomaly parallel to the north-
ern transform fault.

Our conclusion is that even though the GOC's oblique
motion is organized by several en-echelon transform faults
connected by a series of pull-apart basins, in the GB, these
structures appear to have little influence. Instead, most of
the heat is dissipated by two thermal regimes. A thermal
regime within the northern and southern troughs charac-
terized by heat advection due to magmatic intrusions and
hydrothermal circulation from adiabatic and flux melting
at the base of the crust. Heat flow in the troughs can reach
values of ca. 1 W/m? though it is highly variable and in-
fluenced by the presence of bottom water recharge and
hydrothermal discharge zones. The heat collected at the
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FIGURE 6 Comparison between heat flow, distance to the transform faults, and plate age (Figure 1). (a) Heat flow plotted against the
distance to the transform fault for the respective troughs (circles and diamonds). Expedition 385 drilling sites are represented in triangles. (b)
Heat flow as a function of distance from the fracture zone in the southern trough (Figure 1). Symbols correspond to boxes shown in Figure 1
and dashed lines show the location of the central transform fault (red) and fracture zone (black) illustrated in Figure 1a.
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troughs is rapidly dissipated to steady conditions of ca.
180mW/m? for plate ages >0.2 Ma with isolated patches
of anomalous heat flow, corresponding to young, off-axis
sill intrusions that can release heat at about 500 mW/m>
(e.g., Ringvent; Figure 5). These intrusions, however, cool
off at timescales of a few tens of thousands years and can-
not explain the steady heat loss observed throughout the
basin. This “background” heat flow is likely the product
of the slow release of latent heat by the formation of new
gabbroic crust below the sediment cover and the narrow
thickness of the newly formed crust (ca. 6 km, Lizarralde
et al., 2007). In addition, some degree of thermal homog-
enization is expected similar to what is observed in the
Middle Valley, where comparable amounts of conductive
and convective fluxes of roughly about 1 W/m? is distrib-
uted equally in an area of 260 km? (Stein & Fisher, 2001).

4.3 | Hydrothermal activity at Ringvent
We explore in more detail systematic variations in superfi-
cial mass and energy fluxes that control the development
of microbial colonies and spread of chemical alteration of
organic-matter rich sediments around sills. These fluxes
in conjunction with the cooling time scale are limiting
factors in the production of hydrocarbons in the GB.
Calibration of thermokinetic models looking to assess the
generation of greenhouse gasses by the transformation of
organic matter rely on those boundary conditions as well
(e.g., Aarnes et al., 2010; Galerne & Hasenclever, 2019).
We fitted an analytical solution of the one-dimensional
advection—diffusion equation by Darcy flow, to the tem-
peratures measured at Ringvent using a grid search
method (Bredehoeft & Papaopulos, 1965; Supplemental
information). The best fitting Darcy velocity was chosen
by minimizing the RMS error between the observed and
modelled downhole temperature (Figure 7). The reference
system in this figure is oriented downwards; thus, nega-
tive Darcy velocities denote upflow. From the best fitting
solution, we also identified sites of superficial discharge
and recharge from the curvature of the temperature-depth
profiles. Discharge induces curvature at the top of the con-
vecting layer while recharging at the base. For example, it
is possible to tell hole U1548C in Figure 4c is a discharge
site by the way in which the thermal gradient is curved.
Discharge flow is maximum in Hole U1548C close to
the edge of the sill (—202mm/yr) and minimum in Hole
U1548D (—11mm/yr), approximately 700m away from
the sill. Notice that hole U1548D shows a slight positive
velocity within the range of uncertainties indicating a
rather weak recharging zone. In addition, Figure 7 shows
that heat flow and fluid discharge are related in a recipro-
cal manner. As discharge velocities decrease, there is less
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FIGURE 7 Heatflow and discharge velocities with their
respective standard deviations as a function of distance to the edge
of the sill intrusion at the Ringvent sites.

hydrothermal circulation carrying away heat. As a result,
heat flow decays with an inverse square root from a value
of ca. 1000mW/m? at the edge of the cone-sheet intru-
sion, to approximatly 200mW/m? 700m from the sill's
edge (Figure 7).

The fluxes described above demonstrate hydrother-
mal circulation infiltrates an area of approximatly 2 km
in diameter or roughly three times the diameter of the
structure (750 m). The average heat flow within this zone
is 574mW/m? with a mean discharge of ca. 127mm/yr.
Fisher and Becker (1991) estimated the heat output in
the southern trough to be ca. 5x10” to 4x10°W and cal-
culated a steady-state thickness of the intruded layer of
ca. 200m using an average heat flow of 450mW/m?” (see
fig. 10 in Fisher & Becker, 1991). The updated figures for
Ringvent provide a more precise value of 240+ 115m, for
the thickness of the layer, and a heat output of ca. 10 -
2x10’W. This is a small fraction of the energy released
by diking in mid ocean environments (ca. 1 GW/km) and
is on par with the output of a single hydrothermal vent
(Fisher & Becker, 1991).

Superimposed on the long-term conductive cooling,
sills lose heat by advection of heat. According to Galerne
and Hasenclever (2019), the later mechanism is dominant
only during an initial period lasting a few thousand years
of cooling by hydrothermal circulation. Ringvent sites
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currently show a strong correlation between heat flow and
the thickness of sediment overlying the sill intrusion, sug-
gesting that the phase of rapid cooling is over and, at most,
residual amounts of heat are being transferred advectively
(Figure 3). Sediment thickness for holes U1548A-C var-
ies between 66 and 98 m and extrapolated sediment-sill
interface temperatures vary between 61 and 73°C. Such a
temperature range may represent the temperature of the
upper part of the hydrothermal system as it matches quite
well with the temperature of hydrothermal hot spots at
Ringvent (75°C). The product of this temperature, appro-
priate values of heat capacity (ca. 1 kJ/kg C) and density
of water (1000kg/m?®), and our average Darcy flow rate,
gives an estimate of the energy density transported by hy-
drothermal circulation at Ringvent, which is in the order
of 90mW/m?. This is a small fraction of the conductive
heat loss that proves Ringvent is in a weak hydrothermal
circulation state approaching equilibrium with the sur-
rounding sediments.

Sedimentation rate at Ringvent is ca. 500m/Ma
(Geilert et al., 2018; Teske et al., 2021e). With a sediment
cover between 60 and 120m at the edge and the centre of
the conic sheet intrusion, respectively (Figure 3), that rate
yields a maximum age estimate of sill emplacement of
120-240 kyr. The conic sheet intrusion, however, must be
considerably younger than those ages given the presence
of abundant calcite-filled cracks and peperite breccia in
the cores above the sill (Teske et al., 2021e). The absence
of pillow lavas in the cores further supports the conclu-
sion that the sill intruded into fluid-saturated, unconsoli-
dated sediments (Teske et al., 2021e). Geilert et al. (2018)
estimated from ceased fluid mobilization, an age of 3-24
kyr; however, our new data can safely dismiss the lower
bound estimate given the weak convective regime cur-
rently observed. If this is the case, the time scale 7 of con-
ductive cooling of the instantaneous heating of a body can
be determined by using a distance r where steady-state is
assumed (i.e., the water/sediment interface) and the ther-
mal diffusivity «, of the sediments given by the product
Kk = A/c,p.7,r,and k are related to each other through the
relation © = r*/k. Assuming a typical value for the thermal
diffusivity of 5x 107" m?/s for the fine-grained sediments
of GB (e.g., Fuchs et al., 2015; Goto & Matsubayashi, 2009)
and a characteristic length of » = 210+ 88 m (burial depth
plus half the sill thickness), leads to an estimate age of
emplacement in the range of 5-28 kyr.

4.4 | Thermal structure of the Guaymas
Basin and magma production

Our new measurements may have some bearing on the
question of what thermal processes enable rifting in

Research %EAGE _Wl LEYJE
non-volcanic, sediment-filled rifts like the central and
northern GOC. Lizarralde et al. (2007) and other authors
have speculated that the copious sedimentation in GB be-
haves as a thermal insulator causing the continental crust
to warm thereby facilitating rifting. It has been by now
well established (e.g., Bialas & Buck, 2009) that indeed
rifting style varies in complex ways as a function of sedi-
mentation rate, but not as anticipated in the early studies.
Numerical models carried out by Bialas and Buck (2009)
demonstrated that sediment blanketing actually cools the
lithosphere, which results in an overall strengthening
effect.

We explore the idea that a relatively small volume
of magma supplied by flux melting in a narrow rift may
provide sufficient heat to weaken the upper crust (Bialas
et al., 2010). As a first approach, we consider the simple
conceptual model depicted in Figure 8, which shows a
control volume in the zone of active sill emplacement in
the GB troughs. In this model, we devise a basal layer ap-
proximatly 6 km thick (Lizarralde et al., 2007) made from
gabbroic rocks and dehydrated greenschist/amphibolite
facies metasediments (e.g., Christensen & Salisbury, 1975;
Rangin et al., 1983; Stern et al., 1976). Thanks to their high

water saturated
sediments

metasediments

new gabbroic
crust

:qb

FIGURE 8 Representative volume of the Guaymas Basin,
central Gulf of California. The elements contained in the control
volume govern the thermal evolution of the basin at different time
scales according to the balance of heat discussed in the main text.
q, is the basal (background) heat flow; g, is the superficial heat
flow; $ represents the rate at which new mass enters the reference
volume; A, is the area of the sill.
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thermal conductivities, these rocks draw heat from the
emplacement of hot grabboic material at the base of the
crust and the slow release of latent heat by crystallization.
As the control volume moves away from the rift axis by the
divergent plate motion, the low conductivity and permea-
bility layer cools off, perhaps punctuated by the occasional
intrusion of new sills such as at Ringvent.

This primary system, dominated by conduction of heat,
is overlain by a layer 1-3 km thick of sediments (Lizarralde
et al., 2007), consisting of a mixture of water-saturated
fine-grained hemipelagic and turbidite deposits of low
thermal conductivity and permeability. Moreover, those
sediments often display a mechanical layering and frac-
ture stratigraphy of contrasting strength and brittleness
that prevents dike intrusions to reach the surface, promot-
ing the transference of heat from the sills to the sediments.
This low thermal conductivity and permeability environ-
ment induces a second thermal regime in which hydro-
thermal circulation and conduction warm the upper layer
from within and cause widespread alteration around the
sills and feeder dikes. Thus, we expect the upper layer to
undergo an initial period of transient cooling and elevated
heat flow for young plate ages, followed by a long-term
steady cooling regime as both layers equilibrate thermally.
This first-order prediction can be readily validated in the
heat flow vs. age plate profiles shown in Figure 5. This fig-
ure shows a clear changeover at ca. 200 + 50 kyr from rapid
cooling followed by equilibrium at a level of ca. 180 mW/
m?. Moreover, based on the thermal relaxation time, we
can solve for the thickness, h, of the sediment layer using
the expression h = (m-c)l/ % in which 7. = 200+ 50 kyr is
the critical changeover time. Assuming again a typical
thermal diffusivity value of x =5x10~7 m?/s we obtain a
thickness of the sediment layer of 1.5-2 km, which is in
good agreement with the thickness estimated from veloc-
ity analysis of seismic waves (Lizarralde et al., 2007).

To better constrain the rate of magma supply and
the sill intrusion interval necessary to keep the GB crust
hot, we devised the following simple order of magnitude
model based on the balance of energy equation:

dE

T Q, ©)
where the left-hand side of Equation (3) represents the
change of stored energy, E, in the control volume (Figure 8)
and Q is the net flux of energy lost through the water/sed-
iment interface. Since the deformational energy is clearly
negligible, we only consider the internal energy given by the
product of the mass (M) inside the control volume, its heat
capacity (c,) and the change in temperature (AT) produced
by the intrusions: E = M¢,AT. Similarly, Q can be expressed
as the difference between the superficial heat flow density

leaving the volume, g, and the basal heat flow entering the
volume, gy, times the area of the sill A: Q = (gy — g;)A;
Notice that the mass of the system can be expressed as the
sum of the mass of the host rock, M), at some arbitrary time
and the mass of the sills, m;, plus the mass of sediment
being incorporated to the control volume at the seafloor, m,,
that is, M = M, + m; + m,. Substituting these relations in
Equation (3) and assuming thermal steady state, we obtain
the following expression for the rate of magma injection

5mi - Ai(qs —qp+ Sps chT)

— ~ , “)
ot c,AT

where § is the sedimentation rate and p, is the density of the
sediments. It should be evident that the term $ p, ¢,AT on
the right-hand side of Equation (4) is the reduction in heat
flow caused by sedimentation. Also notice that advection
of heat is ignored as the flow velocities are too small to be
applicable. In the calculations below, we have assumed a
typical sill with an area of 5 km?, heat capacity of roughly
1 kJ/kg C, and a characteristic temperature rise of 400°C
caused by the intrusions. We also adopt a characteristic
thickness of 50m and a density of 2700kg/m? for the sills. In
the model, the basal heat flow g, is the average background
flow of 175mW/m? and the superficial heat flow released by
sills g, is the average heat flow of Ringvent of 575mW/m”.
According to Equation (4), to sustain a long-term av-
erage superficial heat flow of 575 mW/m?, it is necessary
to inject magma at a rate of ca. 15x 10’ kg/yr. This trans-
lates to approximately one sill per 1000yr if we consider
that the magma supply is episodic rather than contin-
uous. When our model is extrapolated to the entire rift
axis, it predicts a magma production rate of approximatly
1072 km®/yr. The predicted frequency is remarkably simi-
lar to the interval required by numerical models to gener-
ate viable rifting solutions for the repeated dike intrusion
in the continental lithosphere (Bialas & Buck, 2009).
Our estimation, however, is one order of magnitude
longer than the timescales of magma intrusion pro-
cesses within the incipient seafloor spreading centres
of the Afar rift (approximate century interval; Ebinger
et al., 2010). The predicted magma production rate of ca.
102 km?/yr is also substantially lower than the average
flux of approximatly 2 km?/yr documented for large ig-
neous provinces (LIPs; Courtillot & Renne, 2003). But
this comparison has obvious limitations as the forma-
tion of LIPs is often attributed to mantle plumes (e.g.,
Morgan, 1983; Wilson, 1997), and there is no evidence of
vigorous mantle upwelling playing a role in the develop-
ment of the GB or elsewhere in the gulf (Negrete-Aranda
et al., 2013; Persaud et al., 2015; and references therein).
Despite these differences, our simple model suggests
that: (i) a relatively low rate of magma emplacement in



NEUMANN ET AL.

active continental rifts is sufficient to reduce lithospheric
strength which could help trigger final continental rup-
ture (Buiter & Torsvik, 2014); and (ii) for this to happen,
intrusions must surface at shorter timescales than their
characteristic cooling time of 10*yrs. Otherwise, all heat
from a sill will be dissipated away or transported into the
water column by hydrothermal circulation before the
subsequent intrusion resulting in strengthening of the
lithosphere (Bialas et al., 2010) on account of the large
shear strength of igneous rocks.

5 | CONCLUSIONS

Based on the results of the measurements at drilling sites
in the GB, we conclude the following:

1. The Northern and Southern Troughs of the GB dis-
play heat flow values >600mW/m? associated with
ongoing sill intrusions in the young crust in which
hydrothermal circulation has little or no influence
on how heat is dissipated within the lithosphere.

2. Heat flow values decay rapidly for crustal ages
greater than 0.2 Ma to a steady background value of
176 +48mW/m* with isolated off-axis patches of
anomalous heat flow.

3. Off-axis heat flow anomalies such as Ringvent site cor-
respond to 100-150m deep sill intrusions elevating
heat flow values locally and show evidence of hydro-
thermal activity.

4. While bathymetry effects are negligible, the effects of
high sedimentation rates require corrections up to 20%.

5. Heat flow throughout the basin, corrected for sedimen-
tation, shows variability in the order of ~100 mwW/m?
caused by local processes such as the presence of gas
hydrate at Site U1549 and U1552 that increases heat
flow and copious sedimentation that depresses heat
flow.

6. Both the northern and southern transform fault of the
GB do not appear to affect the thermal regime of the GB
in a meaningful way.

7. Heat flow vs. plate age diagrams suggest that two pri-
mary systems control the heat transfer at the crustal
scale, keeping the upper crust warm and thus facili-
tating rifting. An order-of-magnitude model suggests
that relatively small amounts of magma are required to
keep the crust weak.

8. The highly conductive rocks of the newly created crust
form a deep thermal regime dominated by conduction
and the cooling of gabbroic intrusions, whereas po-
rous sediments of low thermal conductivity and per-
meability, form a second distinctive thermal regime
that promotes the transference of heat between sills
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and the ocean through hydrothermal circulation and
conduction.

9. Multiple timescales control the dissipation of heat in
the primary systems. We identify four characteristic
time scale that describe the heat flow observations.
The time interval between intrusions (ca. 10° yr) and
the thermal relaxation time of the sills (ca. 10* yr) ena-
bles heat to build up in the low thermal conductivity
and permeability layer. This layer, in turn, cools off at
a characteristic time of 200 kyr whereas the deep ther-
mal system controls the release of heat at timescales
>10°% yr.
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