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EXECUTIVE SUMMARY

In October 2013, the University of Washington initiated a study funded through DOE-NETL
entitled: Characterizing the response of the Cascadia margin gas hydrate reservoir to bottom water
warming along the upper continental slope. The objective of this project is to understand the
response of the WA margin gas hydrate system to contemporary warming of bottom water along
the upper continental slope. Through pre-cruise analysis and modeling of archive and recent
geophysical and oceanographic data, we (1) inventoried bottom simulating reflectors along the
WA margin and defined the upper limit of gas hydrate stability, (2) refined margin-wide estimates
of heat flow and geothermal gradients, (3) characterized decadal scale temporal variations of
bottom water temperatures at the upper continental slope of the Washington margin, and (4) used
numerical simulations to provide quantitative estimates of how the shallow boundary of methane
hydrate stability responds to modern environmental change. The results of the pre-expedition
analysis of historic bottom water temperatures and the simulations of the response of the upper
limit of gas hydrate stability to intermediate water warming on the Washington margin have been
published (Hautala et al., 2014). The work on characterizing regional heat flow was published in
Journal of Geophysical Research (Salmi et al., 2017), and a synthesis of seep distribution along
the Washington margin was published in Geochemistry Geophysics Geosystems (Johnson et al.,
2015). These pre-cruise results provided the context for a systematic geophysical and geochemical
survey of methane seepage along the upper continental slope from 48° to 46°N during a 10-day
field program on the R/V Thompson from October 10-19, 2014. This systematic inventory of
methane emissions along this climate-sensitive margin corridor and comprehensive sediment and
water column sampling program provided data and samples for Phase 3 of this project that focused
on determining fluid and methane sources (deep-source vs. shallow; microbial, thermogenic, gas
hydrate dissociation) within the sediment, and how they relate to contemporary intermediate water
warming. This work was summarized in a paper for the 9" International Conference on Gas
Hydrates (Whorley et al., 2017) and is in preparation for submission to Earth and Planetary
Science Letters (Whorley et al., in prep.). This project supported two graduate student theses
(Salmi and Whorley) and two undergraduate students (Miller and Fay).

During the 2014 research expedition, we discovered nine seep sites between ~470 and 520 m water
depth, within the zone of predicted methane hydrate retreat over the past 40 years. We imaged 22
bubble plumes with heights commonly rising to ~300 meters below sea level with one reaching
near the sea surface. Some of the seep sites are controlled by local margin structure, mainly
extensional faults and ridges. We collected 22 gravity cores and 20 CTD/hydrocasts from the 9
seeps and at background locations (no acoustic evidence of seepage) within the depth interval of
predicted downslope retreat of the methane hydrate stability zone. Approximately 300 pore water
samples were extracted from the gravity cores, and the pore water was analyzed for salinity, pH,
alkalinity, acetylene, n-butane, ethane, ethylene, methane, methyl acetylene, propane, propylene,
Cl, Br, NH4, SO., Na, K, Ca, Mg, Li, B, Sr, and Ba concentrations, as well as for §'%0, 8D, and
8*3C-DIC stable isotope ratios. Bottom water samples were also analyzed for C;-C4 hydrocarbon
concentrations and noble gas ratios. This comprehensive geochemical dataset was used to
characterize the fluid and gas source(s) at each of the seep sites surveyed.

Hydrocarbons heavier than methane were below the detection limit (<0.5 ppmv) in both pore water
and bottom water samples, suggesting any gas hydrate present is Structure | methane hydrate. The
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pore water data shows decreasing chloride concentrations downcore at several sites with measured
values as low as 170 mM (30% seawater value), and the sulfate-methane transition zone occurs
between 50-80 cm below seafloor. Collectively, the pore water solute, noble gas, and isotope ratios
suggest the pore water freshening is not the result of methane hydrate dissociation, but rather the
dominant source of pore water freshening at these seep sites is clay dehydration at sediment depths
where temperature exceeds 60 °C. Analysis of a suite of chemical geothermometers brackets the
temperature of the fluid source(s) between 100-200 °C. Based on the geochemical dataset, active
methane hydrate precipitation is occurring at the seep site that is about 10 m deeper than the upper
limit of methane hydrate stability. The other seeps are fed by a range of fluid and gas sources and
do not have a significant geochemical signature of methane hydrate dissociation; the majority of
these seeps contain fluid sourced from relatively shallow sediment depths (the upper few hundred
meters of the sediment column), whereas two consist of fluids from sources >2 km below the
seafloor. Only a few of the gravity cores collected have pore water profiles that are in steady-state,
suggesting a dynamic sedimentary and biogeochemical system at the upper continental slope along
the entire Washington margin.

The primary results of this project are: 1) Bottom simulating reflector-derived heat flow values
decrease from 95 mW/m? 10 km east of the deformation front to ~60 mW/m? 60 km landward of
the deformation front, with anomalously low values of ~25 mW/m? on a prominent mid-margin
terrace off central Washington.

2) The temperature of the incoming sediment/ocean crust interface at the deformation front ranges
between 164-179 °C off central Washington, and the 350 °C isotherm at the top of the subducting
ocean crust occurs 95 km landward of the deformation front. Differences between BSR-derived
heat flow and modeled conductive heat flow suggest mean upward fluid flow rates of 0.4 cm/yr
across the margin, with local regions (e.g. fault zones) exhibiting fluid flow rates up to 3.5 cm/yr.

3) A compilation of 2122 high-resolution CTD, glider, and Argo float temperature profiles
spanning the upper continental slope of the Washington margin from the years 1968 to 2013 show
a long-term warming trend that ranges from 0.006-0.008 °C/yr. Based on this long-term bottom
water warming, we developed a 2-D thermal model to simulate the change in sediment temperature
distribution over this period, along with the downslope retreat of the methane hydrate stability
field. Over the 43 years of the simulation, the thermal disturbance propagated 30 m into the
sediment column, causing the base of the methane hydrate stability field to shoal ~13 m and to
move ~1 km downslope.

4) A preliminary analysis of seafloor observations and mid-water column acoustic data to detect
bubble plumes was used to characterize the depth distribution of seeps along the Cascadia margin.
These results indicate high bubble plume densities along the continental shelf at water depths <180
m and at the upper limit of methane hydrate stability along the Washington margin.

5) The goal of the 2014 research expedition on the R/V Thompson was to test whether there is
active methane hydrate dissociation along the upper continental slope of the Washington margin
in response to contemporary warming. Sampling focused on the depth range of simulated retreat
of the methane hydrate stability field based on the record of bottom water warming. The majority
of the seeps cored during the field program contained abundant authigenic carbonate indicating
that they are locations of long-lived seepage rather than emergent seep systems related to methane
hydrate dissociation. Despite the evidence for enhanced methane seepage at the upper limit of



methane hydrate stability along the Washington margin, we found no unequivocal evidence for
active methane hydrate dissociation as a source of fluid and gas at the seeps surveyed. The pore
fluid and bottom water chemistry shows that the seeps are fed by a variety of fluid and methane
sources, but that methane hydrate dissociation, if occurring, is not widespread and is only a minor
source (below the detection limit of our methods).

Collectively, these results provide a significant advance in our understanding of the thermal
structure of the Cascadia subduction zone and the fluid and methane sources feeding seeps along
the upper continental slope of the Washington-sector of the Cascadia margin. Though we did not
find unequivocal evidence for methane hydrate dissociation as a source of water and methane at
the upper pressure-temperature limit of methane hydrate stability at present, continued warming
of North Pacific Intermediate Water in the future has the potential to impact the methane hydrate
reservoir in sediments at greater depths along the slope. Thus, this study provides a strong
foundation and the necessary characterization of the background state of seepage at the upper limit
of methane hydrate stability for future investigations of this important process. This project has
resulted in fourteen conference abstracts and papers as well as eight peer-reviewed publications to
date, with an additional manuscript close to submission and several others planned in the near
future.
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INTRODUCTION AND MOTIVATION

Gas hydrates are stable at moderate pressures and low temperatures, and are ubiquitous in
sediments at continental margins worldwide. Considering their widespread occurrence, they
represent one of the largest reservoirs of organic carbon on Earth, with estimates of the amount of
carbon stored in the global gas hydrate reservoir ranging from ~550 to 6.6x10* GtC (e.g.
Kvenvolden, 1988; Milikov, 2004; Klauda and Sandler, 2005; Archer et al., 2009; Pifiero et al.,
2013). Globally, an estimated 99% of the methane hydrate reservoir is in continental margin
sediments along continental slopes, with the remaining 1% in high-latitude permafrost-bearing
sediments (Collett et al., 2009; Ruppel, 2011). The majority of the methane hydrate reservoir
occurs at mid- to low-latitudes at concentrations of ~1-5% of the pores of fine-grained clays, but
can exceed 20-80% in some settings (e.g. sands and fractured clays; Boswell and Collett, 2006;
2011).

Due to the positive geothermal gradient in marine sediments, methane hydrates exist as a
stable phase only within the upper few hundred meters of continental slope sediments. The upper
limit of methane hydrate stability depends on bottom water temperature and is generally near or
below 500-meter water depth at lower latitudes for Structure | gas hydrate. The susceptibility of
methane hydrate to warming ocean water depends on the magnitude and duration of the warming,
the depth of the reservoir beneath the seafloor, and the thermal diffusivity of the sediments. As a
result, shallow methane hydrates at the upper limit of stability on continental margins and
associated with sub-sea permafrost on circum-Arctic shelves are the most susceptible to
contemporary ocean warming. Compared to thinning permafrost on Arctic shelves, continental
slope methane hydrates at the upper limit of stability represent a larger fraction of the global gas
hydrate reservoir (Ruppel, 2011), have a wider distribution, and are located at shallower depths
within the sediment column. The close proximity of upper slope methane hydrates to actively
circulating seawater promotes hydrate dissociation over relatively short timescales in response to
modest seawater warming at intermediate depth; periods of tens of years vs. 10 to 10° years for
other climate-sensitive deposits (e.g. Ruppel, 2011).

Considering there is contemporary bottom water warming along many continental margins
worldwide, studies of the upper slope methane hydrate reservoir response to warming provides an
opportunity to investigate the dynamics of methane hydrate dissociation at present. Documenting
the vulnerability and behavior of this climate-sensitive portion of the global gas hydrate reservoir
to ocean warming provides a foundation to better understanding how methane hydrate systems
responded to environmental change in the past and how they will evolve in the future. Determining
whether methane hydrate dissociation along continental margins is occurring as a result of
contemporary bottom water warming is also important in the context of the global ocean-
atmosphere inventory of greenhouse gases. This hydrate-derived flux could potentially contribute
to ocean acidification through microbial oxidation of methane, initiation of slope instability, and
contributes to the emission of methane-derived CO, from the ocean to the atmosphere.

This project focused on the upper limit of gas hydrate stability along the Washington-
segment of the Cascadia margin. The Washington margin has recently been the focus of an
impressive array of scientific initiatives and programs including Earthscope, the Plate Boundary
Observatory, the Ocean Observatories Initiative (OOI), GeoPRISMS, the ARRA Cascadia
Initiative, the COAST 2-D multi-channel seismic survey in 2012, and an NSF-funded heat and
fluid flux survey in 2013. Because of this high level of scientific activity, many of the parameters
associated with the distribution and stability of methane hydrates are already well-characterized.



These critical contextual features include (1) high resolution swath bathymetry over almost the
entire margin and adjacent abyssal depths, (2) abundant MCS profiles that have located and
identified Bottom Simulating Reflectors (BSRs) associated with hydrates over most of the
Washington margin, and (3) well-located sites of methane emissions that are positioned along the
margin in both shallow and deep-water, with several that correspond to the “feather-edge” limit of
gas hydrate stability in the NE Pacific (~500 m water depth). Furthermore, a compilation of 2122
high-resolution CTD, glider, and Argo float temperature profiles spanning the upper continental
slope of the Washington margin from the years 1968 to 2013 show a long-term warming trend that
ranges from 0.006-0.008 °C/yr since 1970 (Hautala et al., 2014). The full suite of these
observations; (a) BSRs demonstrating a large-scale hydrate reservoir in the margin sediments, (b)
methane plume emissions from critical depth intervals, and (c) significant historical intermediate-
depth bottom water warming, combine to make the Washington margin a rich target area to
examine the response of methane hydrate to environmental changes.

The objective of this project was to understand the response of the Washington margin gas
hydrate system to the contemporary warming of bottom water along the upper continental slope.
Through pre-cruise analysis and modeling of archive and recent geophysical and oceanographic
data, we (1) mapped the distribution of methane hydrate along the central and northern Washington
margin based on BSRs from archive multi-channel seismic data, (2) used these BSRs to refine
margin-wide estimates of heat flow and geothermal gradients, (3) used the new heat flow
distribution to estimate the temperature at the plate boundary fault from the deformation front to
the coastline at the Washington sector of the Cascadia subduction zone, (4) provided a rigorous
characterization of bottom water temperature temporal variations at the upper continental slope,
and (5) used numerical simulations to provide quantitative estimates of how the shallow boundary
of gas hydrate stability responds to modern environmental change. These pre-cruise results
provided the context for a systematic geophysical and geochemical survey of methane seepage
along the upper continental slope from 48° to 46°N during a 10-day field program on the R/V
Thompson from October 10-19, 2014. The integrated geophysics and geochemistry cruise results
provided locations of new seep sites in the zone of methane hydrate retreat predicted from our
earlier numerical simulations of methane hydrate dissociation in response to bottom water
warming. The results of the field program also provided a rigorous geochemical evaluation
regarding the source of fluid and methane emissions at these locations, and an informed evaluation
of whether there is significant methane hydrate dissociation in response to contemporary bottom
water warming. These results are described in the following sections of this report.
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PRE-EXPEDITION RESULTS

Bottom Simulating Reflector Distribution and Regional Heat Flow

Introduction

This work relates to Tasks 2-4 in our original proposal. The results presented in this section were
a significant portion of Marie Salmi’s Ph.D. thesis at the University of Washington and were
published in Journal of Geophyscial Research Solid Earth; the citation is below:

Salmi, M. S., H.P. Johnson, Harris, R.N., 2017. Thermal environment of the southern Washington
region of the Cascadia Subduction Zone, J. Geophys. Res. Solid Earth, 122, 5852-5870.

Tectonic Setting

The Cascadia Subduction Zone (CSZ) extends 1100 km along strike from Mendocino,
California, USA to Vancouver Island, Canada and is known to produce infrequent but high
magnitude megathrust earthquakes [Atwater and Hemphill-Haley, 1997; Atwater, 2010;
Goldfinger et al., 2012]. The CSZ subducting plate interface is unusually seismically quiet for an
active subduction zone, with only limited numbers of earthquakes observed at the northern and
southern terminations and offshore southern Oregon [Trehu et al., 2008, 2015; Morton and Bilek,
2014]. This accretionary margin is the result of the Explorer, Gorda, and Juan de Fuca oceanic
plates subducting beneath the North American plate. The Juan de Fuca, the largest of these
oceanic plates, subducts at a rate of 35 to 41 mm yr™* with crustal ages ranging between 6 and 10
Ma at the deformation front [Wilson, 1993]. There is no distinguishable trench due to Late
Pleistocene glacial sediment fill from the adjacent continental margin [Heaton and Hartzell,
1987; Calkins et al., 2011]. Sediment thickness seaward of the deformation front varies between
2 and 3 km. The incoming plate has one of the highest known basement temperatures of any
subduction zone due to young age of the plate and the thermal isolation by rapid sediment
accumulation rates [Davis et al., 1990; Wilson, 1993].

The Washington State portion of the CSZ comprises an accretionary wedge with distinct
lower and upper margins, consisting of landward verging folds and faults [McNeill et al., 1997,
Adam et al., 2004] atypical for an active subduction zone. Regions undergoing extension with
westward dipping normal and listric faults are present on the middle and upper margin offshore
Grays Harbor in areas shallower than 1000 meters water depth [McNeill et al., 1997]. The
extensional faulting forms a distinctive mid-slope terrace feature within the Grays Harbor area
(Figure 1) related to fluid over-pressurization at depth [McNeill et al., 1997].

Heat flow data along the CSZ margin is relatively sparse with limited thermal studies
offshore Vancouver Island [Davis et al., 1990; Hyndman et al., 1993; Yuan et al., 1996; 1999],
Oregon [Trehu et al., 1995; Zwart et al., 1996], and Washington [Booth-Rea et al., 2008]. In
this study we analyze Multi-Channel Seismic (MCS) reflection data acquired during the
MGL1212-COAST (Cascadia Open-Access Seismic Transects) survey collected on the R/V
Langseth [Holbrook et al., 2012]. This cruise provided seismic imaging of the southern portion
of the Washington Margin consisting of nine closely-spaced (~ 8 km) lines extending 25 km
seaward of the deformation front to the edge of the continental shelf, approximately
perpendicular to the margin. Two additional N-S lines provide along-strike data that overlap the
nine E-W lines. BSRs imaged within the MCS profiles are interpreted in terms of temperature
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Figure 1: Location of COAST 2012 Multi-Channel Seismic profiles (black lines) with their corresponding
line numbers (white text). White lines trace prominent anticlinal ridges visible in the MCS. LDEO OBSs (Blue
circles) deployed during the 2012-2013 year within the Langseth survey area were equipped with thermistors.
CTD cast location (red square) was used for BSR seafloor temperature calculations and sediment cores (grey
circles) were used for BSR heat flow sedimentation correction. Inset displays IODP/ODP borehole (Red dots)
and continental heat flow measurements (grey dots) including those used in the current study (blue dots).
Green dots mark major metropolitan cities.

and provide a high-resolution 3-D view of heat flow variations across the accretionary wedge.
The primary goal of this study is to provide an increased understanding of the thermal
environment of a 100 km along-strike portion of the CSZ offshore Southern Washington using
analysis of high-resolution BSR data. The BSR heat flow data was corrected for bathymetry and
sedimentation accumulation rate, and incorporated MCS derived thermal conductivity values.
BSR estimates of heat flow are then compared to a finite element model derived for each of the 9
perpendicular MCS lines to estimate temperatures at the top of the oceanic basement. Areas of
misfit between the BSR data and the numerical model are interpreted in terms of fluid discharge.

Heat Flow Estimates From Bottom Simulating Reflectors

The COAST MCS profiles (Figure 1) were acquired using a single 8 km long streamer
deployed at a water depth of 15 meters for all odd numbered lines (1, 3,5, 7, 9 and 11) and 9
meters depth for all even lines (2, 4, 6, 8, and 10), collecting data at 2 millisecond sample rate. A
total of 36 individual airguns were used, resulting in a total of 6600 cubic inches of source
volume. All MCS lines were processed shipboard using ProMax seismic software
[https://www.landmark.solutions/SeisSpace-ProMAX]. The seismic profiles used to calculate the
BSR depths were generated using a two-dimensional velocity structure for each line determined
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through pre-stack time migration. This study primarily used shipboard processed seismic profiles
as the consistently processed data existed for all MCS lines.

Solid hydrate is an ice-like phase with lattice vacancies filled with predominately
methane molecules that forms in regions of high pressure and low temperature [Henry and
Clennell, 1999; Malinverno et al., 2008]. BSRs within the sediment column mark the boundary
between solid hydrate above and free gas below, indicating the lower limit of hydrate stability
zone [Dauvis et al., 1990; Kvenvolden, 1993]. We identified BSRs using the following criteria: 1)
the reflector horizon crosses surrounding sediment stratigraphy; 2) the horizon roughly mimics
the seafloor bathymetry; and 3) the acoustic wave forms a negative polarity horizon [Davis et al,
1990]. Requirements for BSR formation include upward diffuse fluid flow and relatively high
gas concentrations within the sediment pore space [Haacke et al., 2008; Yuan et al., 1999].

Heat flow (Q) is derived from BSRs based on the following equation,

T -T
Q — K BSR SF’ (1)

ZBSR
where Tgsg and Tsk are the temperatures (°C) at the BSR and seafloor respectively, Zgsg is BSR

depth below seafloor, and K is bulk sediment thermal conductivity. As with prior studies, we
assume that after correcting for the effects of bathymetry and sedimentation, the thermal gradient
between the seafloor and BSR is constant and that the accretionary wedge is in a thermal steady
state.

To determine Zgsg, the seafloor and BSR two-way travel time (TWTT) from the MCS
profiles were recorded by the 2D horizon tracking module within the software program
OpendTect [http://www.opendtect.org/]. TWTT is recorded for every Common Depth Point
(CDP) within the individual survey profiles. To convert TWTT to depth, the velocity profile
within the upper 500 meter of the sediments is determined using the method from Hyndman et
al., [1993] and seismic velocity profiles collected during the 2012 Langseth cruise (Figure 2)
using the relationship,

Zpsr = 0.776At + 2.33x107*At?, (2)
where At is time difference between the seafloor and the BSR, both in seconds of TWTT. Based
on the MCS source frequency, the TWTT vertical resolution is between +3 to £5 meters and
accounting for uncertainties in the velocity, the depth estimate uncertainty is approximately £13
m.

We estimate the average thermal conductivity, K, between seafloor and Zgsg using the
relationship provided by Davis et al. [1990] for the Vancouver Island Margin located 250 km
north of our survey area which accounts for the increase in thermal conductivity with depth due
to porosity loss. Comparison of the Zgsg derived K to thermal conductivity measurements from
Ocean Drilling Program (ODP) 889/890 boreholes offshore VVancouver Island and Oregon shows
a correlation to within £10% and are assumed to be similarly reliable for the near surface
Cascadia margin sediments [Davis et al., 1990; Ganguly et al., 2000]. Heat flow is calculated
using the average K between seafloor and Zgsg [Ganguly et al., 2000; Riedel and Shankar, 2012].
Seafloor temperatures, Tsr, at the seawater/sediment interface are determined using a
Conductivity Temperature Depth (CTD) cast taken west of the deformation front (Figure 1) by
the R/V Thompson in 2012, within the same region and time period as the COAST cruise. CTD
casts have commonly been used for previous BSR heat flow studies for determining seafloor
temperatures [He et al., 2007; Riedel et al., 2010]. Based on ocean bottom seismometers (OBS)
equipped with temperature sensors deployed during the survey cruise time period (July 12-24,
2012), the seafloor temperature can vary +0.3°C from that estimated by the CTD cast [Toomey
etal., 2014].
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Figure 2: Method and parameters used to calculate BSR heat flow. A) BSR temperature is calculated knowing
the depth of the seafloor and BSR using the methane hydrate phase stability curve (blue line). B) Seismic
velocity (Vp) to meters below seafloor relationship from the Langseth pre-stack time migrated velocity
profiles. Data points represent velocity picks over anticlinal ridges within the lower accretionary margin.
Orange line is the best fit of the data. See text for equation. C) Temperature profile determined by CTD cast
(Figure 1). Green dots are seafloor temperatures, measured 5 centimeters above the seafloor derived from
Thermal Blankets

BSR depth within the sediment column is a function of both pressure and temperature. If
the pressure can be estimated, then the phase relationship between gas and hydrate can be used to
determine Tgsr. Previous studies based on borehole and seismic profiles find that in situ
pressures within the sediment column are neither purely lithostatic nor hydrostatic, but fall
between these two end members [Hyndman et al., 1993; Screaton et al., 2002; Saffer and Tobin,
2011]. Based on these previous BSR heat flow studies, we assume a 50% ratio of hydrostatic to
lithostatic pressure at the BSR depth [Hyndman et al., 1993; Saffer, 2015]. This assumption
differs from previous work on the Cascadia Subduction Zone that applied either fully hydrostatic
[Hyndman et al., 1992; Ganguly et al., 2000] or fully lithostatic pressure [Golmshtok et al.,
2000], a difference that can account for roughly 3 mW mdifference in BSR heat flow. For this
study, in situ pressure is calculated using the following equation [Haacke et al., 2008],

P(Zss) = 5 [Lgdo(py — ps)(1 — e7Z8R/L) + gp Zysp + gpsZay + 905 Zpsr + Zu)]. (3)
Pressure (P) is based on Zgsg and is calculated assuming a porosity compaction length (Lg of 1.2
km [Hyndman et al., 1993], gravity (g) of 9.81 m s, grain density (ps) of 2.65x10° kg m™ [Shi et
al., 1998], and seafloor porosity (¢,) of 0.55. Water density (ps) varied based on in situ pore fluid
temperature [Lienhard and Shargawy, 2009], salinity of 33.5 g kg™, and seafloor depth (Z) and
Zgsr. We assume a pure methane gas composition [Davis et al., 1990; Kastner et al., 1995] and
pore-water salinity at the BSR depth similar to ocean salinity of 33.5 g kg™ [Riedel et al., 2006;
Liu and Fleming, 2006; Kastner et al., 1995]. BSR pressure and salinity provides a BSR
temperature using an empirically derived stability relationship [Tishchenko et al., 2005].
Seafloor depths used to estimate water column pressure are determined from swath bathymetry
corrected with eXpendable BathyThermograph (XBT) derived sound velocities, collected during
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the COAST cruise. Estimated overall uncertainty for the pressure was +0.15 MPa, corresponding
to a BSR temperature uncertainty of £0.06 °C.

Bathymetric Correction

Seafloor bathymetry variations perturb the geothermal gradient, with local bathymetric
highs decreasing the heat flow and depressions increasing the heat flow. To determine the
isotherm distribution in the margin sub-surface, we apply a correction to the heat flow
measurements [Ganguly et al., 2000; Harris et al., 2010; Li et al., 2013; Figure S1]. Seafloor
bathymetry was derived from 50 meter gridded Langseth EM122 bathymetry with gaps filled
using the 100 meter resolution Global Multi-Resolution Topography [GMRT; Ryan et al., 2009].

The horizontal dimension of the seafloor area used for the bathymetric correction was
determined as 10 times the Zgsg (Figure S2). To estimate the thermal gradient correction at the
BSR depth due to abrupt changes in bathymetry, a 3-D map of seafloor temperatures was
constructed by extracting temperatures corresponding to the seafloor depths from the CTD cast
(Figure 2). The thermal offset associated with individual BSR measurements were determined by
continuous propagation of the temperature using the discrete Fourier Transform method to
account for localized bathymetric variability. The resulting gradient corrections were then
applied to the geothermal gradient. The overall average bathymetric correction was +7.5 mW m™
with predominantly large bathymetric corrections concentrated around areas of sharp
topographic relief including anticlinal ridges and steep canyon walls.

Sediment Accumulation Correction

The rapid sediment accumulation rates present on the Washington margin, ranging up to
44 cm kyr™* [Barnard, 1978], produce a transient decrease in the surface heat flow value
[Hutchison, 1985; Kaul et al., 2000]. Correcting for recent sedimentation requires both the
interval of the deposition and the sediment accumulation rate, which varies widely along a
continental margin due to erosive turbidite channels and distance from fluvial inputs. Sediment
accumulation rates for the Cascadia accretionary wedge were determined using six age-dated
piston cores with lengths ranging from 1.78 to 5.28 meters [Barnard, 1978; Figure 1] applied
over an interval of 10,500 years (Table S1). The low density of sampling sites required the
accumulation rates to be averaged into zones, which included anticlinal ridges, sedimented
‘ponds’, and turbidite channels. These corrections were applied to the heat flow values using the
solution to the thermal growth model [Martin et al., 2004; Equation 4]:

1 + 2 ) erfc (ZBSR+vStS
ZBSR Kts
QBSR - QB VSZBSR )

_ Usts e(f) erfc (ZBSR 17sts _ vsts
ZBSR 2,[kts ZBSR

The required parameters include the sediment accumulation rate (vs, in meters year™),
depth of the BSR below seafloor (Zgsr, meters), and sediment accumulation time interval (ts,
years). A sediment thermal diffusivity (k) of 1.15x10”" m? s™* was determined in situ within the
mid-slope terrace of the COAST Line 4 at 1049 meters water depth [Homola et al., 2015]. Qg is
the bathymetrically corrected heat flow, resulting in Qgsr, the basal heat flow with effects of
sediment accumulation removed. Based on the uncertainties associated with the BSR heat flow

calculation (Supplemental Material), the calculated uncertainty of the BSR heat flow is
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approximately £10%, similar to previous estimates [Davis et al., 2003; Marcaillou et al, 2006],
with a maximum of £18% for areas of rapid bathymetric variations.

Localized Heat Flow Behavior

BSRs were identified within 10 of the 11 Langseth MCS lines, resulting in a total of
40,232 individual heat flow determinations within the survey area (Figure 3). No BSRs were
observed within the deformation front or beneath the most seaward anticlinal ridge. The
westward limit of detected BSRs was observed along Line 4, beneath the second anticlinal ridge
landward of the deformation front. Seafloor depths where BSRs are identified range from 2310
meters within sediment ponds between anticlinal ridges up to 710 meters along Line 4. No BSRs
were observed near the calculated methane hydrate stability water depth of 500 meters at this
latitude of the Cascadia margin [Johnson et al., 2015]. Of the two Langseth MCS lines oriented
parallel to the deformation front (Figure 1), Line 11 has no detectable BSRs due to poor imaging
of the sub-seafloor, although the adjacent Line 10 has better data quality and BSRs are observed
along much of the profile. The data gap along Line 10 between Lines 2 and 3 was caused by an
air gun shutdown due to the presence of large mammals within the area (Figure 3A). BSRs are
primarily located (51% of total picks) within exposed anticlinal ridges and within the prominent
mid-slope terrace (21%) (Figure 3A), while several buried anticlinal ridges in Lines 1, 2, and 5-7
contain BSRs located above buried structures, such as diapirs or anticlinal ridges. There is a
general lack of observable BSRs within the inter-ridge sediment ponds and turbidite channels.

BSR heat flow values show a generally decreasing trend landward from the deformation
front, an expected result due to the plate convergence rate and the thickening overlying sediment
wedge. Within the lower accretionary wedge, heat flow drops sharply from around 90 mW m to
70 mW m and then continues to decrease landward at a similar rate as observed in the lower
wedge (Figure 3B). An abrupt and systematic decrease in heat flow of approximately 12 mwW m™
occurs approximately 43 kilometers east of the deformation front, the furthest landward extent of
the mid-slope terrace (Figure 3B). Another distinct feature within the heat flow profiles is an
increase in heat flow exceeding 20 mW m™ over a prominent sharp anticlinal ridge located 30 to
35 km from the deformation front within Lines 1- 5 (Figure 3A). Low heat flow values present
on the eastern upper margin segment of Line 4 are distinct from other profiles in the same region
(Figure 3B).

Subduction Thermal Model

A finite element model (FEM) was constructed to represent a 2-D slice of the subduction
zone replicating the thermal and geological conditions for each of the 9 across-strike MCS
profiles. This FEM produces surface heat flow values that can be compared with heat flow
estimates derived from BSRs and continental heat flow values. We use the algorithm of Wang et
al. [1995] previously used in many subsequent heat flow studies [e.g., Harris and Wang, 2002;
Harris et al., 2010; Cozzens and Spinelli, 2012]. The FEM uses an 8-node construction with a
corresponding thermal element defined by estimated thermal parameters governed by the
following equation (Equation 5),

0= V- (K,VT) — pcv - VT + Qp, (5)
where pc is volumetric thermal capacity, Ky, is bulk material thermal conductivity, v is material
velocity, T is modeled temperature, and Qg is radiogenic heating. The thermal model was
iterated until the thermal environment reached steady state.
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The thermal model internal structure was determined by assigning zones corresponding
to physical/geological units of the CSZ such as the depth and thickness of the downgoing Juan de
Fuca plate [Flueh et al., 1998; Parsons et al., 1999] and the location and shape of the Siletz
terrane; an oceanic basaltic complex accreted onto the North American plate [Blackwell et al.,
1990; Parsons et al., 1999; Wells et al., 2014; Wong, 2005]. Unfortunately, little is known of the
in situ state of the Siletz rock properties but data based on published laboratory, seismic
velocities, and exhumed subducted crust are used instead.
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Figure 3: A) BSR heat flow measurements (circles) along the 11 MCS lines (white solid lines). Deformation
front, lower and mid-slope defined by dashed grey lines. The 500 meter upper limit of hydrate stability is
indicated by a solid red line. B) All heat flow profiles are indexed asdistance from the deformation front.
General heat flow trends are traced by black lines.

18



The geometry of the FEM (Figure 4) is defined through node location, providing the
internal physical structure of the model. The young (8.5 Ma) lithosphere of the Juan de Fuca
plate has not yet reached thermal equilibrium, therefore isotherms at the western boundary and
lithosphere thickness are assigned a full theoretical thickness of 95 km [Stein and Stein, 1992].
This assignment allows the plate and upper mantle geotherms to evolve with age based on a
modified half space cooling model. MCS profiles collected from the Juan de Fuca Spreading
Ridge to the Cascadia margin offshore Washington suggest a relatively constant crustal thickness
of 6.5 km [Han et al., 2016]. The COAST Langseth seismic profiles indicate that the sediment
thickness at the deformation front varies between 2.5 and 2.9 km, values which were
incorporated into the corresponding thermal models for each MCS line. We assigned a 1° slope
for the incoming oceanic plate just west of the deformation front due to the pre-subduction
bending of the incoming plate [Han et al., 2016]. The plate continues to subduct at a shallow
angle of 5° beneath the outer accretionary wedge, increasing to 10° at the mid-accretionary
wedge 60 km from the deformation front, and continuing to increase to 15° as the oceanic plate
separates from the continental plate [Flueh et al., 1998; Parsons et al., 1999; Han et al., 2016].
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Figure 4: Thermo-physical units of the finite element model based on active and passive seismic profiles.

The western boundary of the Siletz terrain at the Washington Coast marks the transition
from accretionary wedge sediments to the basaltic Siletz backstop which further extends to the
eastern edge of Puget Sound for this latitude [Parsons et al., 1999]. Incorporated seafloor depths
were estimated from bathymetry within the GMRT database [Ryan et al., 2009] and extrapolated
to a 2 km horizontal grid to fit the mesh resolution of the model. The incoming oceanic plate was
assigned a horizontal velocity of 40 mm year™ [Clague, 1997; McNeill et al., 1997] and adjusted
as the plate subduction angle increased (Figure S3). Estimated mantle wedge circulation beneath
Puget Sound was determined based on the subduction rate of the incoming oceanic crust (Figure
S3). The North American continental plate has an estimated thickness of 42 + 6 km [McCrory et
al., 2014]. Slight ambiguities in the assumed model geometry account for a potential heat flow
variability of +3.5 mW m™at the deformation front and +1 mW min the Puget Sound Basin,
corresponding to uncertainties of the plate interface of £4.7°C and £22°C respectively.

Boundary conditions for the numerical model are calculated using the same thermal
properties assigned to the thermal model (Table 1). The top (seafloor and land topography) and
bottom boundaries are set to constant temperatures of 2°C and 1450°C, respectively [Stein and
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Table 1. Model Thermal Parameters

Thermal ) Thermal Radiogenic
- Published .
Name Conductivity Ranges Capacity Heat
(W mK™h) g Om3KY) W m?d)
Hej;::eow 112 1.157 2.6x10° 0.6"
Continental 2,508 275" 3.3x10°M 0.2
Crust
. . c 1.8%:2.0%; 6 H K
Siletz terrain 1.59 (1.37:2.25)" 3.3x10 0.02
Upper * 6 1LJF
R -- 2.6 x1 .6
Sediment ange 6 x10 0.6
Main 2 . 26x10°  0.6"F
Sediment
Lower 23 . 3.0x10°  0.6"F
Sediment
Transition 2.9" - 3.3x10° 0.02
Mantle 3.1" 2.9%3.14M  3.3x10°" 0.02"
. 3.3x10°
A:Daviset  Oceanic Crust 5 QNEF 3 NJF 0.01% al., 1990
B: - ' ' McKenzi
B | 200 2A 2 6x10°H cKenzie
: i .3x10° Blackwell
g:tall Oce_ag;:férust 5 QNEF 3 3 ﬁﬁFO 0.01% 19;%;We
Wong, 6 2005
D:Wanget | jthosphere 3.25 - 3'3,3(}0 0.02" al., 1993
E: Wang ’ and Dauvis,
1992

F: Hyndman and Wang, 1993

G: Davis and Villinger, 1992

H: Wada et al., 2008

I: Lewis et al., 1988

J: Wang et al., 1995

K: Oleskevich et al., 1999; Wong, 2005
L: McKenna and Blackwell, 2002

M: Parsons and Sclater, 1977

N: Cozzens, 2011

Stein, 1992]. A 500 meter thick thermal zone, utilizing thermal parameters that match the
average BSR variables (Table 1), was incorporated into the top of the model to calculate surface
heat flow. The landward boundary conditions consist of a continental geothermal gradient
parameterized with a heat flow of 60 mW m™ and an adiabatic gradient of 0.3°C km™ through
the mantle wedge [Blackwell et al., 1990; Hyndman and Wang, 1993]. The seaward boundary
geotherm, located 30 km seaward of the deformation front, was calculated using the program
SlugSed [Hutnak and Fisher, 2007]. This finite element model simulates the thermal evolution

20



of the oceanic plate in 2D and includes the thermal impact of the rapid sediment accumulation as
the oceanic plate ages. Thermal diffusivity was adjusted within the SlugSed model to closely
match heat flow values obtained using two thermal blankets deployed by the ROV Jason Il west
of the deformation front [Salmi et al., 2014; Johnson et al., 2013]. All other parameters within
SlugSed were kept identical to the FEM. The plate is assumed to be 7.75 Ma old at the western
edge of the model, with continuous spreading producing an oceanic plate age of 8.5 Ma at the
deformation front [Wilson, 1993].

Radioactive decay due to heat production (Qr) within the sediments will increase surface
heat flow. Estimates of radiogenic heating were assigned to each sub-surface structure using in
situ measurements and published models (Table 1). Radiogenic heat production for the Siletz
terrain, composed largely of oceanic basalt, is assumed to be 0.02 pW m™ [McKenna and
Blackwell, 2002; Wong, 2005]. The assigned effective coefficient of friction of 0.03 along the
subduction thrust is consistent with previous published values [Wang et al., 1995; Wada and
Wang, 2009; Harris et al., 2010]. Thermal conductivity was determined using a porosity model
that varies both as a function of depth due to variable sediment compaction and across-strike to
account for large porosity changes within the sediment column. Excluding the top two
kilometers of accretionary wedge sediments, thermal conductivity values for each thermo-
physical unit are reported in Table 1. A variation of 10% in model thermal conductivity (see
Supplemental Material) can offset offshore heat flow values near the deformation front by +12
mW m™ and alter plate temperatures by +0.5°C at the deformation front increasing to +10°C near
the mantle tip.

Seismic velocity analyses reveal a general across-strike variation in velocities that are
attributed to porosity changes and the thermal conductivity values used in the model were
assumed to be a direct function of these porosities. To capture the landward decrease in porosity
within the thermal model, the nodes within the top 2 km of the accretionary wedge were assigned
values of thermal conductivity based on their position within the margin. The 2 kilometer depth
limit was based on the depths within the MCS shipboard profiles that had identifiable reflectors.
Bulk thermal conductivity (Km) for each node with the top 2 km was calculated using the

geometric mean of water (Ky) and sediment (K;) thermal conductivities: K,,, = chz) Ks(l‘m
where porosity (¢) was defined using ® = @,e =%/, which accounts for porosity reduction with
increasing sediment depth (z) due to sedimentation compaction [Athy, 1930; Kinoshita, 1994].
The surface porosity @, is assigned a value of 0.55 and composite thermal conductivity is
calculated based on a grain thermal conductivity of 2.5 W m™K™ [Grevemeyer and Villinger,
2001] and water thermal conductivity of 0.6 W m™K™. Previous studies of the porosity scaling
parameter (L) have found variations in compaction lengths exists along the margin cross-strike,
with a value of L = 1.5 for the incoming plate sediments, L = 1.0 for the lower margin and L =
2.5 for the mid-slope terrace [Hyndman et al., 1993].

In comparison to the Vancouver Island margin, the high resolution seismic velocity
structure of COAST MCS Line 5 [Fortin, 2015] shows similar porosity length scales and a sharp
transition from 1.3 to 2.7 km from the lower to middle/terrace portion of the wedge, but only a
very slight +0.1 km change from the incoming sediments to the lower wedge (Figure S4). For
our model calculations, we assigned L values of 1.3, 1.2, and 2.7 km to the incoming sediment,
the lower wedge and the remaining continental margin, respectively.

Uncertainty in the thermal model due to geometry and thermal properties (see Supplemental
Material) show that surface heat flow variability ranges from +8 to +16 mW m for the lower
accretionary wedge surface heat flow, primarily due to the large unknowns in thermal
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conductivity. This leads to a maximum plate temperature uncertainty of £7°C at the deformation
front, which reaches +32°C at the mantle tip located 230 km east of the deformation front at a
depth of 41 km.

Thermal Model Results

Individual thermal models for the accretionary wedge were constructed for all 9 MCS
profiles oriented perpendicular to the subduction zone strike. Each model used distinct seafloor
bathymetry and thermal conductivities, as described above, to emulate variations within each
profile (Figure 5). The terraced shape of the Washington accretionary wedge has a pronounced
effect on calculated heat flow values that was not considered by previous Cascadia thermal
models. Sediment thickness on the incoming plate ranged from 2540 meters on Line 7 to 2910
meters on Line 3 and was accounted for in the thermal models. The general north-south trend in
sediment thicknesses arises from the regional distribution of Pleistocene sediment fans on the
Juan de Fuca plate (Figure 1), which includes the Nitinat Fan to the north and the Astoria Fan to
the south [Gutscher et al., 2001].

Modeled surface heat flow (Qmode) decreases systematically landward toward the Puget
Sound Basin (Figure 5) due to the subduction of the relatively cooler oceanic plate that initially
depresses isotherms within the overlying continental plate prior to reaching the warm back-arc
mantle within the Puget Sound basin. Model values of seafloor heat flow on the incoming
oceanic plate immediately west of the deformation front have an average value of 110 £ 1.1 mW
m2. At approximately 75 km landward of the deformation front, most heat flow profiles have
decreased to values near 53 mW m™ coinciding with the seaward edge of the Washington
continental shelf. Continuing eastward, heat flow decreases to 39 mW m at the Washington
coastline 135 km east of the deformation front, and falls to values near 21 m\W m beneath
Olympia, Washington. Heat flow values from the FEM compare closely to onshore heat flow
measurements from drilled wells located within 100 km north and south of the subducting plate
dip profile [Blackwell et al., 1990; Figure 5; Figure 1- inset]. Heat flow values located within the
lower margin, less than 20 km from the deformation front, display a pronounced trend where
general heat flow values decrease faster in the northern lines compared to the southern lines
(Figure 5). Line 9 is an exception to this trend within the first 5 km, due to the influence of a
large isolated anticlinal ridge located directly landward of the deformation front (Figure 1).

Modeled Temperature at the Plate Interface

The subducting Juan de Fuca plate has a poorly imaged decollement along the subducting
plate fault plane and it is assumed for the purpose of this study that the sediment-crust interface
is the plate boundary [Davis and Hyndman, 1989; Booth-Rea et al., 2008]. Modeled
temperatures along the crust/sediment interface at the deformation front for the nine closely
spaced MCS lines range between 164°C to 179°C (Figure 6). It should be noted the modeled
temperatures are near the range of uncertainty. Incoming plate boundary temperatures appear
positively correlated with the thickness of the incoming sediment package (Figure 6) and
represent a source of along-strike thermal variability for the updip limit of the seismogenic zone.
Our thermal models predict that the 350°C plate boundary temperature occurs 94 km east of the
deformation front and the decollement temperature reaches 450°C at 155 km from the
deformation front (Figure 6).

22



The location of the seismogenic zone, where tectonic stress is stored along the megathrust
fault, depends, at least in large part, on thermally mediated processes [Hyndman et al., 1993;
Cozzens and Spinelli, 2012]. In older models, the updip limit of the seismogenic portion of the
fault zone was determined by the smectite-illite transition temperatures between 100°-150°C
[Hyndman and Wang, 1993; Moore and Saffer, 2001]. However, recent studies have identified
other chemical and physical processes such as porosity and diagenetic alterations that also alter
the friction along the decollement in the temperature range of 60° to 150°C [Saffer and Marone,
2003; Lauer and Saffer, 2015]. The development of chemical diagenesis along the downgoing
plate interface and within the overlying sediments depends strongly on the temperature and
pressure environment. Thermal modeling of the COAST dataset indicates a plate boundary
temperature range of 164°C to 179°C at the deformation front. This isotherm distribution would
place the smectite-illite thermal transition zone well within the overlying sediment column,
rather than located at the sediment-igneous plate boundary. A smecitite-illite transition that lies
within the overriding sediment package has implications with how the deformation front and
accretionary wedge may deform and shift during a megathrust earthquake.
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Figure 5: Large scale view of model derived surface heat flow profiles from the incoming Juan de Fuca plate
to east of the Cascade Mountains. Topographic profile (top) indicates major geographical locations. Co-located
black dots mark continental heat flow measurements [Blackwell et al., 1990].

Based on chemical and physical properties of the relevant rock composition, the down-dip
limit of the seismogenic zone has been suggested to correlate with the 350°C isotherm due to the
brittle-ductile transition [Hyndman et al., 1993, Oleskevich et al., 1999; Hyndman, 2013]. A
higher temperature range of 350°C to 450°C for the fault interface has been assigned as a
transition zone, where earthquakes will not originate but a megathrust fault can still slip if
initiated further updip [Hyndman et al., 1997]. It has been suggested the significant presence of
quartz within the overlying oceanic derived Siletz terrane at the fault zone could elevate this
transition zone temperature as high as 550°C [McCrory et al., 2014]. Based on our 150° to 350°C
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temperature bounds, the proposed fully-locked seismogenic zone is roughly 100 km wide along
the southern Washington portion of the Cascadia Margin and we identify this location as fully
offshore. This result compares well with the previous thermal model constructed by Hyndman

and Wang, 1995 (Figure 6), despite different lithostatic and incoming plate parameter
assumptions.

Comparison of modeled thermal boundaries to the geodetic model locking zones from Wang
et al., [2003] and shows that our thermally defined boundaries of 300°C and 450°C are located

within the same regions as their zones of 100% and 75% locking. However, our thermal

boundaries are slightly narrower in the northern section of the survey area (Lines 1 - 4) and

diverge landward from the geodetic model further south (Lines 5 —9). Geodetic modeling by

Schmalzle et al., [2014] that assume the outer portion of the accretionary wedge is fully locked
show a similar locking distribution to Wang et al., [2013] but appear more parallel to the coast,
closer to our modeled isotherms. The general agreement between model derived isotherms and

geodetically determined locked percent argue for the importance of using both methods to
determine seismogenic risk of subduction zones.
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and 450°C isotherms for the plate sediment interface are marked with connected circles. The COAST survey
profiles are marked by white lines. Dashed line marks the fully locked (dark blue) and the 75% locked (white)
plate interface based on geodetic modeling [Wang et al., 2003].

Fluid Advection

Upward fluid advection within the lower accretionary margin produced from sediment
compaction or escape from within the igneous plate explains the observed BSR heat flow
departures from the models. Previous studies showing a similar overall increase in heat flow
within the central portion of the lower wedge (Figure 3A) has been interpreted as evidence for
substantial sub-surface diffuse fluid flow on the Vancouver Island margin based on Darcy fluid
modeling of the accretionary wedge [Davis et al., 1990; Wang et al., 1993].

To estimate upward fluid advection, we first assume that most fluid is initially produced
from sources below the upper 500 meters of the sediment column and flows vertically into the
near seafloor BSR zone [Le Pichon, 1991]. Fluid movement can be estimated using Equations 6
and 7 below [Bredehoeft and Papadopulos, 1965; Hutnak and Fisher, 2007],

T,-T; e(ﬁZBSR/Zp)_l 6
Tp—Tl - eP-1 )
VyCFPFZ
p= = 7)
Km

using seafloor temperature (T1), BSR temperature (T2), water volumetric thermal capacity (ct pr)
and modeled temperature (T,) at ~500 meter sediment depth (Z,). The resulting fluid flow
estimates (v,) ranged locally from weak down flow of fluid to a maximum fluid flow
approaching +3.5 cm yr™. The median fluid flow for the study area was +0.4 cm yr™, based on
the offset between BSR and model values. Comparison to previous estimates of fluid advection
include +1.6 mm yr ** based on standard porosity compaction [Le Pichon, 1991], measured fluid
advection within the Oregon coast of +3.2 cm yr™* [Zwart et al., 1996] and localized maximum
values that approach +1 m yr™ [Han and Suess, 1989], our estimates lie within the previous
estimates of margin fluid flow.

Conclusions

Bottom simulating reflectors derived from 11 multi-channel seismic profiles identify key
variations in heat flow values within the southern Washington section of the Cascadia
Subduction Zone. These new MCS profiles detected gas hydrate deposits extending across-
strike, ranging from 7 km east of the deformation front to the shoaling seafloor depth of 700
meters on the upper margin. After corrections for bathymetry and sedimentation, heat flow
values follow a generally declining trend beginning approximately 95 m\W/m? and decreasing to
near 60 mW/m? at a 60 km distance from the deformation front. Abnormally low heat flow in the
Line 4 MCS profile within a prominent mid-wedge terrace indicates recent large-scale slumping
and listric fault rotation within an area permeated with abundant extensional normal fault zones
visible in the COAST MCS profiles.

Thermal models corresponding to the nine across-strike MCS lines were constructed using
variable accretionary wedge thermal conductivity values and thicknesses of the incoming
sediment. Modeled decollement temperatures at the deformation front produced incoming
oceanic plate interface temperatures ranging from 164°C to 179°C. These temperatures locate the
updip limit of the seismogenic zone at the deformation front and identify a source of along-strike
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thermal variability. The downdip limit of the seismogenic zone at 350°C occurs west of the
coastline at 94 km from the deformation front. These boundaries resolve a narrow 100 km wide
seismogenic zone that is completely off-shore Washington State. Predicted plate sediment
interface isotherms of 300°C and 450°C co-locate with the boundaries of 100 % and 75%
locking respectively based on geodetic models.

Comparison between measured and numerically modeled BSR heat flow identify localized
but substantial departures that reflect vertical fluid advection occurring throughout the lower
accretionary wedge terrace sediments. Differences between the BSR data and model estimates
produce a fluid flow mean value of +0.4 cm yr* for the entire survey area, with localized fluid
flow extremes approaching +3.5 cm yr.
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Contemporary Bottom Water Warming Along the Upper Slope of the
Washington Margin and Modeling the Response of the Methane Hydrate
Stability Field

Preface
This work relates to Tasks 5-6 in the original proposal. The results described in this chapter were
published in Geophysical Research Letters; the citation is below:

Hautala, S.L., Solomon, E.A., Johnson, H.P., Harris, R.N., Miller, U.K., 2014. Dissociation of
Cascadia margin gas hydrates in response to contemporary ocean warming, Geophysical
Research Letters, 41, 8486-8494.

Introduction

Gas hydrates represent one of the largest reservoirs of organic carbon on Earth [Boswell
and Collett, 2011]. As the upper limit of gas hydrate stability deepens in response to ocean
warming, the additional flux of hydrate-derived methane could contribute to ocean acidification,
oxygen consumption in the water column, and upper continental slope instability, as well as
potentially increased emissions of CH, and methane-derived CO, to the atmosphere (e.g.
Revelle, 1983). Recent studies of gas hydrate dynamics associated with contemporary warming
have focused on the Arctic [Berndt et al., 2014; Westbrook et al., 2009; Thatcher et al., 2013;
Reagan et al., 2011; Biastoch et al., 2011], with less attention given to the vulnerability of the
much larger methane reservoir present at lower latitudes.

Gas hydrates are stable under conditions of low temperature and high pressure, and they
typically exist within the top few hundred meters of continental slope sediments. The depth
where the gas hydrate stability field pinches out and vanishes (typically along the upper
continental slope; termed the feather edge of gas hydrate stability) is dependent on bottom water
temperature and local geothermal gradients, and represents one of the most climate-sensitive
boundaries in the global gas hydrate reservoir [Boswell and Collett, 2011; Ruppel, 2011]. Upper
continental slope gas hydrates are more sensitive to warming than other deposits because of their
proximity to transient seawater temperatures at the seafloor, allowing dissociation on relatively
short timescales - a few decades compared to 10% to 10° years for other climate-sensitive
reservoirs such as those associated with thinning Arctic permafrost [Berndt et al. 2014; Ruppel,
2011]. Recent field and modeling studies show that part of the methane released to the Arctic
Ocean at the upper continental slope off West Svalbard may be due to ongoing gas hydrate
dissociation in response to bottom water warming [Berndt et al., 2014; Westbrook et al., 2009;
Thatcher et al., 2013; Reagan et al., 2011].

Although lower latitude hydrates represent a large percentage of the global methane
inventory, there are few studies on the vulnerability of these systems to warming of water at the
seafloor (e.g. Kennett et al., 2003). A recent study considered the response of the Carolina Rise
hydrate system in the North Atlantic to seawater temperature changes caused by a probable
Holocene Gulf Stream shift, with implications for continued future warming (Phrampus and
Hornbach, 2012). The degree of seafloor ocean warming directly impacting gas hydrate systems
will depend on regional currents and water masses. In particular, circulation affecting the eastern
Pacific margins is fundamentally different than for the western North Atlantic. The methane
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hydrate-rich Washington margin has a dense set of archived water column data (Fig. 1) that
records systematic warming over the last four decades at the depth of upper continental slope gas
hydrates. Using a sediment model with an upper boundary condition tightly constrained by these
observations, we find that warming of the North Pacific at the depth corresponding to
intermediate water is likely to have a substantial impact on the Cascadia margin gas hydrate
reservoir. This finding has worldwide implications for other upper continental slope reservoirs
that are typically bathed in intermediate and lower thermocline waters.

Methods

A. Water Column Temperature Data

High-resolution CTD, glider and ARGO float temperature profiles extending to a depth
of at least 200 m were extracted at observed levels from the World Ocean Database 2013
(National Oceanographic Data Center) for the region 124.5°W to 127.5°W and 46.5°N to 48.5°N
(Fig. 1). Available data spans the years 1968 to 2013. We added several CTD casts from an
August 2013 field program in the immediate vicinity of methane bubble plume sites to the data
from the NODC archive. If only pressure was available in the NODC archive, temperature
sampling depth was estimated using the TEOS-10 Gibbs Seawater Oceanographic Toolbox
[McDougall and Barker, 2011] at the latitude of the profile, otherwise reported depth values were
retained. Entire profiles containing clearly erroneous values, i.e., negative temperatures or
temperature values > 16°C or < 4°C at 200 m, were eliminated, as were profiles taken within
Juan de Fuca Canyon. The remaining 2122 open-ocean temperature profiles were linearly
interpolated to 10 m depth intervals ranging from 50 to 1000 m. To remove bias from an uneven
seasonal sampling distribution (for example, at 480 m depth, monthly-average temperature varies
over the year by 0.27°C with warmest values in August), long-term monthly average values were
subtracted from the data.

To quantitatively estimate the local rate of seawater warming in the presence of sampling
biases related to geographical temperature gradients and substantial decadal variability, we
performed a multivariate linear regression (Fig. 2). In addition to the dependency of interest
(sampling year), other independent variables for the multivariate linear regression are latitude,
water depth estimated by linearly interpolating the 0.5 SRTM30 PLUS bathymetry data
[Sandwell and Smith, 2009; Becker et al., 2009] at each sampling location, and the monthly
Pacific Decadal Oscillation (PDO) index [Zhang et al., 1997; Mantua et al., 1997] from the Joint
Institute for the Study of the Atmosphere and Ocean website at the University of Washington.
Unlike Fig. 2a, interannual to decadal variability visually dominates the regional-average time-
series in the upper ocean (not shown) and the correlation between temperature and the Pacific
Decadal Oscillation (Fig. 2c) is large and positive, as expected [Zhang et al., 1997; Mantua et al.,
1997]. The PDO index during the months of our observations ranges from -2.23 to +2.83, with
values over +2.0 sampled only between 1983-1998 and with negative indices sampled since 2010
(Fig. 2b). A sensitivity study (see online supplementary materials) was conducted to understand
how various assumptions impact the regression-derived warming trend at 480 m. Of particular
interest are cases where slightly different subsets of the data are used: data collected only over
the slope, data collected only since 1980, adding data within the Juan de Fuca canyon, and
excluding ARGO and glider data. Sensitivity calculations using different methodological
choices yield a warming trend that ranges from +0.0061 to +0.0080 °C yr™ and agree within
error bars with our best estimate shown in Fig. 2b, c.
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Figure 1. Map of data locations. Bathymetry of the Washington continental slope from GeoMapApp with
locations of compiled vertical profiles of conductivity-temperature-depth (CTD) observations shown as orange
dots. The locations of bathymetric transects P1-P3 are denoted by blue stars (the length of transects is quite short
at the map scale), and the locations of known methane seep sites are denoted by green triangles. The contours
for water depth are set at 300 m, 500 m, and then every 500 m.

B. Sediment Thermal Model

To evaluate the response of the gas hydrate reservoir to the observed warming trend, we
first estimate the temperature at the seafloor at a given location and year that is solely associated
with long-term climate variation (i.e., under neutral PDO conditions), using the regression
coefficients shown in Fig. 2 and differences in latitude, water depth, and year from average
values for the compiled data (47.9798° N, 1291 m, and 1992, respectively). We focus on three
individual bathymetric transects across the Washington margin with differing topography at the
up-slope limit of gas hydrate stability (Fig. 1). Temperature at the seafloor is estimated from the
regression along these transects at the beginning (1970) and end (2013) of the observation
period, resulting in a change of +0.29°C at 480 m water depth (Fig. 2b).

A 2-D thermal model is used to simulate the change in sediment temperature distribution
over this time period (Fig. 3) along with volume of the gas hydrate stability zone, its downslope
retreat, and the associated mass of gas hydrate affected by bottom water warming (Supp. Figs. 1-
4). This model is based on a finite element heat flow model with prescribed initial and boundary
conditions [Wang et al., 1995]. Model cells have dimensions of 100 m horizontally and 2 m
vertically in the upper 100 m of the sediment column, increasing to 20 m between 100-200 mbsf.
The base of the model is sufficiently deep to avoid boundary effects and we prescribe a constant
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basal heat flux of 60 mW m™ based on nearby heat flow data derived from Bottom Simulating
Reflectors [Booth-Rea et al., 2008]. Thermal conductivity and heat capacity are constant
throughout the model domain with values of 0.92 W m™ K™ and 2.52x10% J km™. These
parameters yield a thermal diffusivity of 3.8 x 107 m s, consistent with observed values (see
Supplementary Information). At each location along the bathymetric transects, the upper
boundary condition for the sediment column is set by the PDO-neutral 1970 temperature
estimate. The initial condition is a steady-state heat flux matching this upper boundary condition.
Transient solutions are calculated with an interval of one year. The base of the gas hydrate
stability zone is computed assuming Structure | gas hydrate and hydrostatic conditions
[Tishchenko et al., 2005]. The latent heat of gas hydrate dissociation was not included in our
simulations, producing a maximum estimate for the total volume of sediment affected by a
vertical shift in the gas hydrate stability zone.

C. Projected Seafloor Temperature

Projections of seafloor temperature are based on global average surface air temperature
projections from the Intergovernmental Panel on Climate Change (IPCC) AR4 report [Meehl et
al. 2007]. We first extrapolate the observed temperature trend in our data, as determined by the
regression analysis, backward in time to 1950. We consider a simple extrapolation of the
observed trend forward in time to 2100 to be a conservative scenario, noting that such behavior
resembles IPCC emissions-stabilized projections and that the local observed trend at 480 m
depth (+0.0068°C per year) is considerably smaller than the global average air temperature trend
over the rest of this century using even the most optimistic (emissions-reducing) scenario,
RCP2.6 in AR5 (+0.0105°C per year). The highest emissions A1F1 scenario in AR4 shows a
global warming of +4.0°C in 2090-2099 relative to 1980-1999, an average warming trend of
+0.0381°C per year. Note that the highest emissions scenario, RCP8.5, in AR5 yields a similar
average warming trend of +0.0389°C per year [Stocker et al., 2013]. Local subsurface water
values projected for 2100 are estimated from these global-average surface air temperature
projections through scaling them by the ratio of the warming trend observed in our data at 480 m
to the reported global-average AR4 trend in measured air temperature since 1950 (+0.013°C per

year).

D. Warming Trend Sensitivity study

We explored the effect of several alternate choices of methodology in computing the
warming trend (Table S1). In most cases, we feel that our decisions, such as using water depth
rather than longitude, accounting for the seasonal cycle, and excluding Juan de Fuca canyon data,
should improve the accuracy of the estimate. However, the large difference in the estimated
warming trend between CTD-only and combined CTD, glider and float data sets warrants more
explanation. At the time of our download, there was no CTD data available in the NODC archive
in this region for 2010-2013. As seen in Fig. 2a, three-year regional averages are low relative to
surrounding years during 2009-2011 when they rely heavily on float and glider data (Fig. 2a).
Thus when the trend is estimated using CTD data only, it increases substantially. However, CTD
data from our August 2013 cruise to gas hydrate vent sites is included in the data set, and its
average value is significantly lower than the three-year regional-average data point shown in Fig.
2a for 2012. Also, the PDO index at sampling times was consistently negative during this period
(Fig. 2b). Thus rather than an instrumental bias, we hypothesize decadal variability, particularly
as it impacts the offshore region sampled by the glider/float data (see the difference between slope-
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and deep-water data in Fig. 2a) as the responsible factor for the relatively low three-year regional-
averages from 2009-2011. Finally, we note that the CTD-only and “best” estimates agree within
their error bars, as do all other runs in this sensitivity study.

Best estimate 0.0068 +
0.0009
Alternate Methodological Choice °C per year
Longitude used rather than water depth for offshore 0.0070 =
coordinate 0.0009
Quadratic terms allowed 0.0068 *
0.0009
Seasonal cycle not removed 0.0070 =
0.0009
Juan de Fuca canyon data not excluded 0.0067
0.0009
Exclude glider and float data 0.0080 +
0.0011
Temperature converted from ITS-68 to ITS-90 for data 0.0068 +
prior to 1990 0.0009
Data restricted to the slope, taken as 200-1000 m water 0.0077
depth 0.0018
Data restricted to the upper slope, taken as 200-600 m 0.0067
water depth 0.0038
Data restricted to 1977 and later 0.0076
0.0012
Data restricted to 1980 and later 0.0069 +
0.0013
Regression using ENSO MEI™* rather than PDO index 0.0061 *
0.0008

Table S1. Summary of the warming trend at 480 m and its 95% confidence level error bars under
variations in several assumptions of the regression calculation. *Multivariate ENSO Index, Wolter,
K. and M. S. Timlin (1998), Measuring the strength of ENSO events — how does 1997/98 rank?
Weather 53: 315-324, data downloaded from ESRL website.

Observed long-term warming in the Cascadia water column

Water column warming observed in the CTD data shown in Fig. 1 is summarized in Fig.
2. In Fig. 2a, we highlight the regional average record of water column warming at 480 m,
corresponding to the up-slope limit of gas hydrate stability in 1970. Latitudinal and offshore
temperature gradients determined from the regression analysis (Fig. 2c) are consistent with large-
scale circulation. Below 200 m, isotherms tilt downward approaching the shelf, reflecting some
northward flow down to at least 1000 m above the slope [Hickey, 1979]. With its core at ~200
m, the California Undercurrent is associated with an intensification of this northward flow into a
jet, bringing relatively saline water from the tropical eastern Pacific to the entire subarctic
continental slope [Thomson and Krassovski, 2010]. The change in sign of the offshore gradient
above the undercurrent indicates the transition to coastal upwelling. Below the near-surface
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waters, we observe weak long-term warming above the core of the undercurrent, likely reflecting
opposing temperature tendencies at a given depth from climate change and an observed
dynamical shoaling of constant potential density surfaces [Mienvielle and Johnson, 2013].

The magnitude and statistical significance of the warming trend increases with depth
below the undercurrent, reaching a maximum between 300-600 m depth (Fig. 2c) at a rate that is
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Figure 2. (a) Open-ocean warming record off the Pacific Northwest for water depths greater than 200 m. The
black symbols show the 3 year average temperatures, centered on the year shown on the x axis, at 480 m for the
data shown in Figure with t test 95% confidence level error bars. The red symbols show the averages and error
bars using only data from water depths between 200 and 1000 m. (b) Raw temperature anomaly, defined by
subtracting the long-term regional monthly average value, at 480 m versus year of observation and color coded
by PDO index and water depth. The solid line shows the warming trend of 0.0068 + 0.0009°C yr *, estimated
from a multivariate linear regression (see Methods). The adjusted R? at this depth is 0.22. (c) Regression
coefficients for each of the four independent variables as a function of depth, with 95% confidence interval error
estimates shaded gray.

comparable to the global average temperature trend at similar depth and latitude [Rhein et al.

2013]. The percentage of equatorial source water over the continental slope declines below the
undercurrent core to less than 30% by 500 m depth off Oregon [Thomson and Krassovski, 2010].
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In 2013, water at 300-600 m depth sampled at the upper continental slope had potential density
(o4) between 26.78 to 27.09 kg m™, averaging 26.97 o, at 480 m. (Note: in the absence of any
salinity change, the estimated warming of 0.29°C at this depth would have lowered the potential
density by 0.04 kg m™.) The primary water mass in this density range is North Pacific
Intermediate Water (NPIW), with a characteristic low-salinity end-member established in the far
western Sea of Okhotsk [Reid, 1965; Talley, 1993]. NPIW is traditionally defined only within
the subtropical gyre, where it is associated with a characteristic salinity minimum. However,
after crossing the Pacific a fraction of the water in the NPIW density range turns northward
following the counterclockwise subarctic gyre. At Ocean Station P (50°N, 145°W), western
subarctic gyre water contributes over 50% of the water mass mixture at 26.7 oy [Whitney et al,
2007].

The transit time via ocean currents from the open-ocean western to eastern Pacific
subarctic gyre is approximately one to two decades for 26.7 to 27.2 oy [Ueno and Yasuda,
2003]. Temperature changes can also occur via isotherm shifts associated with geostrophic
adjustment of ocean circulation to atmospheric forcing, particularly on the margin where coastal
waves can efficiently transmit circulation changes. On the Washington margin, deepening
isopycnals below the core of the California Undercurrent suggest that the warming we observe
may, in part, reflect the geostrophic signature of increasing transport in the undercurrent
[Mienvielle and Johnson, 2013]. A change in the mixing ratio between Sea of Okhostk water and
Oyashio Current water could also result in a temperature trend in the NPIW [Kouketsu, et al.
2010]. However, over the long term, sea surface warming in water mass formation regions will
be communicated throughout the remote ocean interior. Recent studies show that since the
1950s, Sea of Okhotsk water in the NPIW density range has warmed at rates higher than we
observe off the Washington margin [Itoh, 2007; Nakanowatari et al., 2007]. A recent study
[Johnstone and Mantua, 2014] finds that the sea-surface warming along the eastern rim of the
subarctic gyre over the last century is correlated to an atmospheric sea-level pressure trend, with
a leading mode that resembles the PDO spatial pattern. However, the effects of atmospheric
dynamical forcing decline rapidly with depth, consistent with the decline of PDO-correlated
variability in Fig. 2c. Furthermore, the atmospheric pressure trend would be expected to be
associated with cooling in the western Pacific [e.g., Mantua et al., 1997]. Warming over several
decades has also been observed at locations spanning the subarctic Pacific in the NPIW density
range [Whitney et al., 2007; Koutketsu, 2010; Nakanowatari et al., 2007]. At Ocean Station P,
warming on both depth levels and potential density surfaces is evident, with maximum values of
just over +0.01°C yr at 26.7 to 26.9 oy and a trend of +0.008 °C yr™ at 27.0 oy for the period
1956-2006 [Whitney et al., 2007].

Impact of seafloor warming on the methane hydrate reservoir

Over the 43 years of our simulation, the thermal disturbance generated by warming of
water in contact with the seafloor propagates 30 m into the sediment column (Fig. 3), causing the
base of the gas hydrate stability field to shoal by ~13 m (Supp. Fig. 3), with a horizontal
downslope retreat of ~1 km. The horizontal distance the GHSZ retreats offshore is proportional
to the upper margin slope (Supp. Fig. 1, 2, and 4). These estimates do not consider advection of
seawater or the latent heat of gas hydrate dissociation. The latent heat of dissociation would act
to stabilize gas hydrate, whereas gas ebullition drives seawater circulation that would warm the
sediment column further enhancing the rate of gas hydrate dissociation (e.g. Tryon et al., 2002;
Solomon et al., 2008). Thus, these are conservative first-order estimates based solely on
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conduction of heat. To estimate the volume and mass of gas hydrate that could dissociate, we
assume a 5-m thick sulfate reduction zone in 1970, with gas hydrate occurring only below this
depth. Assuming an average porosity of 0.63 in the upper 15 m [Riedel et al., 2006], and an
average gas hydrate saturation of 5% of the sediment pore space, approximately 129-164 m* of
gas hydarate per meter of margin could dissociate. Thus, warming along the Washington upper
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Figure 3. Sediment thermal simulations for bathymetric transect P1. (a) Initial subseafloor temperature
distribution in 1970 based on the regression (see Methods) and a basal heat flow of 60 mW/m? [Booth-Rea et
al., ]. The white line is the base of the gas hydrate stability zone (BGHSZ) in the sediment column for Structure
I gas hydrate and hydrostatic pressure following the methods outlined in Tishchenko et al. [2005]. (b) The
simulated change in sediment temperature between 1970 and 2013 and the corresponding shift in the BGHSZ.
The BGHSZ shoals over a broad area in response to warming, accompanied by a retreat of its landward edge
(indicated by red arrows). (c) Simulated change in sediment temperature between 1970 and 2100 based on the
linear extrapolation of seafloor temperature. The upper white line is the BGHSZ in 2100. (d) Simulated change
in sediment temperature between 1970 and 2100 based on the high-emission AR4 projection. The upper white
line is the BGHSZ in 2100, and the lower white line is the BGHSZ in 1970.

continental slope between 1970-2013 has the potential to dissociate 0.12 to 0.15 Gg of gas

hydrate per meter assuming a Structure | hydrate density of 9 x 10° g m™(Table 1). We consider
these estimates to be only first-order since the sulfate-methane transition zone (SMTZ) depends
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on the background methane flux and could be either thicker or thinner than assumed.
Furthermore, the depth of gas hydrate first occurrence depends on pore water methane
concentrations being at least equal to methane hydrate solubility. This depth is dependent on the
rate of in situ methanogenesis, methane flux from below, sedimentation rate, and compaction
[Davie and Buffett, 2001], and is often substantially deeper than the SMTZ. The thickness of the
SMTZ and first occurrence of gas hydrate in this region lack field constraints.
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Supplementary Figure 1. Sediment thermal simulations for bathymetric transect P2. a. Initial subseafloor
temperature distribution in 1970 based on the regression (see Methods) and a basal heat flow of 60 mW/m
[Booth-Rea et al., 2008]. The white line is the base of the gas hydrate stability zone (BGHSZ) in the sediment
column for Structure | gas hydrate and hydrostatic pressure following the methods outlined in Tischenko
(2005). b. The simulated change in sediment temperature between 1970 and 2013 and corresponding shift in
the BGHSZ. The BGHSZ shoals over a broad area in response to warming, accompanied by a retreat of its
landward edge (indicated by red arrows). c. Simulated change in sediment temperature between 1970 and
2100 based on the linear extrapolation of seafloor temperature. The upper white line is the BGHSZ in 2100. d.
Simulated change in sediment temperature between 1970 and 2100 based on the high-emissions AR4
extrapolation. The upper white line is the BGHSZ in 2100 and the lower white line is the BGHSZ in 1970.
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Supplementary Figure 2. Sediment thermal simulations for bathymetric transect P3. a. Initial subseafloor
temperature distribution in 1970 based on the regression (see Methods) and a basal heat flow of 60 mW/m
[Booth-Rea et al., 2008]. The white line is the base of the gas hydrate stability zone (BGHSZ) in the sediment
column for Structure | gas hydrate and hydrostatic pressure following the methods outlined in Tischenko
(2005). b. The simulated change in sediment temperature between 1970 and 2013 and corresponding shift in
the BGHSZ. The BGHSZ shoals over a broad area in response to warming, accompanied by a retreat of its
landward edge (indicated by red arrows). c. Simulated change in sediment temperature between 1970 and
2100 based on the linear extrapolation of seafloor temperature. The upper white line is the BGHSZ in 2100. d.
Simulated change in sediment temperature between 1970 and 2100 based on the high-emissions AR4
extrapolation. The upper white line is the BGHSZ in 2100 and the lower white line is the BGHSZ in 1970.
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Supplementary Figure 3. Shift in the gas hydrate stability field as a function of seafloor depth along transect
P2 between 1950 and 2013 for a. seafloor depth = 495 m, b. seafloor depth = 490 m, c. seafloor depth = 480 m,
and d. seafloor depth = 475 m. The blue line represents the gas hydrate stability boundary. The 1950 and 2013
geotherms are shown as the black and red lines, respectively. The black dashed line represents the seafloor in
each panel.
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Supplementary Figure 4. Heat flow at the seafloor, estimated seafloor temperature, and subseafloor
temperature distribution along transect P3 in a. 1950 and b. 2013. The white line represents the BGHSZ.

Taking the average mass of dissociated gas hydrate per meter of margin based on the three
transects, we estimate that the total mass of hydrate potentially annually dissociating along the
253 km length of the Washington sector of the Cascadia margin is ~32.4 Tg. This hydrate-
derived methane flux is approximately 500 times the background *“passive flux” to the SMTZ
over the same area, assuming an upward pore fluid advection rate of 2 mm yr* and methane
concentrations in equilibrium with methane hydrate below the SMTZ [Hyndman and Davis,
1992]. Due to the lack of field constraints along the WA upper continental slope, we cannot
estimate the fraction of the methane released due to gas hydrate dissociation that is consumed via
anaerobic oxidation of methane in the sediments, or the fraction that bypasses this filter and is
emitted to the water column. However, from northern Washington to northern Oregon, the
presence of bubble plumes at the retreating upslope limit of gas hydrate (470-530 m water depth;
Supp. Fig. 5), suggests that a portion of the methane released by contemporary warming may be
emitted to the water column, as observed in the Arctic [Berndt et al., 2014; Westbrook et al.,
2009; Thatcher et al., 2013].
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Supplementary Figure 5. Bubble plumes near the up-slope limit of gas hydrate stability offshore northern
Washington. a. Location map showing locations of known methane seeps along from northern WA to northern
OR. The bubble plumes imaged offshore northern Oregon are constrained to depths between 480-500 m. The
blue triangle represents the location of the bubble plumes shown in b and c. b. Bathymetry at the location of
two bubble plumes surveyed with the R/V Thompson in 2012. The multi-beam data was collected with a
Konsberg EM302 echosounder and processed post-expedition with the Fledermaus FMMidwater module. c.
Two distinct plumes were imaged with the largest sourced at 515 m and a less intense plume at 506 m water
depth. Arrows show approximate rise height of each plume.
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Projected gas hydrate dissociation through 2100

Projections of future seafloor warming along the Washington upper continental slope
range from +0.88°C (linear extrapolation) to +2.4°C (AR4 high-emissions scenario) by the year
2100. This thermal disturbance will propagate an additional 68-75 m into the sediment column
(Fig. 3 c-d, Supp. Fig. 1-2). This continued long-term warming will cause a horizontal
downslope retreat of the gas hydrate stability zone that ranges from ~1.2 km (linear
extrapolation) to 2.8 km (high-emissions). Using the same assumptions regarding the thickness
of the sulfate reduction zone and the first occurrence of gas hydrate, an average of 0.72 to 1.86
Gg of methane hydrate would dissociate per meter of margin by 2100 (Table 1). Multiplying by
the Washington margin length, ~470 Tg of gas hydrate is susceptible to warming-induced
dissociation by 2100 in the high-emissions scenario. This rate (~0.5 Tg CH, yr™), represents the
annualized release of a volume into the sediment column roughly quadruple the amount released
to the water column during the Deepwater Horizon spill, and ~11% of the yearly flux of methane
into the Black Sea [Reeburgh, 2007]. The amount of methane released that bypasses the
microbial filter in the sediment column and is emitted to the water column is at present
unconstrained, but would only be a fraction of the amount released from methane hydrate in situ.

Table 1. Model estimates and projections

Estimated area of gas hydrate stability zone affected by warming (m? per m of

margin).
Transect 1970 to 2013 1970 to 2100 linear 1970 to 2100 high-emissions
P1 4063 24378 65071
P2 4201 21125 46990
P3 5179 30310 82889

Estimated mass of methane hydrate dissociated in Gg per m of margin®”
Transect 1970 to 2013 1970 to 2100 linear 1970 to 2100 high-emissions

P1 0.116 0.696 1.86
P2 0.12 0.603 1.34
P3 0.148 0.865 2.37

Estimates consider upper 5 m of sediment column are initially devoid
of gas hydrate as a result of the sulfate reduction zone.

Assumes a porosity of 0.634 in the upper 15 mbsf based on results
from IODP Site U1329 offshore Vancouver Island [Riedel et al., 2006] and

an assumed average gas hydrate saturation of 5% of the pore space

®Calculated from the volume considering a methane hydrate density of
9 x 10° g/m®
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Conclusions

The dense historical water column data off the Washington margin strongly constrains
our model of the impact of ocean warming on gas hydrate dissociation along its upper
continental slope. The magnitude of warming at the source of NPIW [Itoh, 2007; Nakanowatari
et al., 2007] suggests the Sea of Okhotsk hydrate reservoir is also affected. The environmental
consequences of warming-induced hydrate dissociation along the Cascadia margin may be
similar to recent models for the Arctic Ocean that show hydrate dissociation from contemporary
bottom water warming playing a role in controlling seawater dissolved oxygen and pH in the
coming decades [Biastoch et al., 2011]. Our results expand the portion of the gas hydrate
reservoir susceptible to contemporary warming to lower latitude deposits and suggest a larger
fraction of gas hydrate could dissociate along continental margins worldwide than previously
recognized.
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Compilation of Seep Sites Along the Washington and Oregon Margins

Preface
This work relates to Tasks 7 in the original proposal. The results described in this chapter were
published in Geochemistry, Geophysics, Geosystems; the citation is below:

Johnson, H.P., Miller, U.K., Salmi, M.S., Solomon, E.A., 2015. Analysis of bubble plume
distributions to evaluate methane hydrate decomposition on the upper continental slope,
Geophys. Geochem. Geosyst., 16, 3825-3839, doi:10.1002/2015GC005955.

Introduction

Methane emissions from the decomposition of gas hydrate reservoirs on continental margins
can play an important role in the regional marine environment. In Paleogene paleoclimate records,
methane hydrate dissociation provided a powerful amplification factor to global warming that was
initiated by massive volcanic eruptions in the Atlantic Basin (Bowen et al., 2015; Wright and
Schaller, 2013). During the Eocene, the massive release of methane from the sediment reservoir
both decreased bottom water pH values (Zachos et al., 2005) and produced anoxia in the near-
bottom water, which later propagated throughout the water column (Sluijs et al., 2006). These
paleoclimate studies suggest that modern climate warming due to anthropogenic greenhouse gas
emission may also have a similar impact on the gas hydrate inventory present in modern margin
sediments (Bowen et al., 2006). Hautala et al (2014) have recently demonstrated that the North
Pacific Intermediate Water that bathes the upper slope of the Washington State continental margin
has undergone a systematic warming of +0.3°C over the past 44 years. Thermal models of the
propagation of heat from this warming trend into the sediments of Washington continental slope
indicate that the methane hydrate stability depth (MHSD) has increased by 20 meters vertically to
its current depth at 500 meters and moved seaward by more than 1 kilometer over the past 4
decades. If the Hautala et al., (2014) thermal model is correct, Washington margin sediments
should presently be releasing methane gas into the water column preferentially at depths near the
upper hydrate stability depth of 500 meters, a hypothesis that is examined in the present study.

The accretionary wedge section of the Cascadia Subduction Zone (CSZ) in the NE Pacific
Ocean extends along-strike for over 1000 km, from Cape Mendocino to central VVancouver Island.
These accretionary margin sediments have been extensively studied due to the potential societal
impact of a subduction megathrust earthquake on the populated coastal zone of western North
America (Hyndman et al, 1993: Hyndman, 2013, Atwater et al., 2005; Satake and Atwater, 2007,
Goldfinger et al., 2012; Atwater et al, 2014).

The upward migration of methane through Cascadia margin sediments has also been
previously examined (Ritger et al., 1987; Trehu et al., 2004; Riedel et al., 2001; 2010; Liu and
Flemings, 2006; Riedel, 2007; Daigle et al., 2011). Bottom Simulating Reflectors (BSRs) detected
using multi-channel seismic profiles indicate the presence of abundant solid methane hydrate and
methane gas within the pore spaces of the upper several hundred meters of margin sediments.
These reflector horizons have been identified as hydrates on the Oregon (Torres et al., 2009; Trehu
et al., 2004, 2006; Torres et al., 2004 ; Riedel et al., 2006), Washington (Booth-Rea et al., 2008,
Holbrook et al., 2012) and Vancouver Island (Riedel et al., 2006; 2010; Malinverno et al., 2008)
continental slopes. Extensive authigenic carbonate surface accumulations related to the anaerobic
oxidation of methane on the Cascadia margin, inferred from regions of high acoustic backscatter
intensity, indicate that large-scale methane emissions have been active over geological time scales
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Figure 1. Methane emission sites on Cascadia Margin. Color of circles by data source. Red dots are sites from
R/V Thompson and R/V Atlantis multibeam bathymetry surveys. Yellow dots are from reported fishing boat
sonars. Green sites are taken from published literature. Total number of methane bubble streams (without
clustering) is 168.

(Carson et al., 1994; Torres et al., 2009; He et al., 2007). In addition, isotopic studies of methane-
specific foraminifera tests, bi-valve shells and authigenic carbonate deposits of Pliocene age on
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the coastal Olympic Peninsula indicate that emissions have continued on this portion of the NE
Pacific active margin for millions of years (Martin et al., 2007; Nesbitt et al 2013).

On the Oregon and Vancouver Island portions of the Cascadia margin, methane bubble plume
emission have been observed and studied over the last decade (Suess et al., 1999; Torres et al.,
2009; Trehu et al., 2004, 2006; Torres et al., 2004; Riedel et al., 2006), with similar studies on the
Washington margin (Booth-Rea et al., 2009, Holbrook et al., 2012). Hydrate Ridge, a site of active
methane plumes and exposed hydrate outcrops, has been the focus of multiple seismic surveys,
several Deep Sea Drilling Project and Ocean Drilling Program drill holes, acoustic surveys of
bubble plume emissions, submersible programs, and is the site of an Ocean Observatories Initiative
cabled observatory (Suess et al., 1999; Torres et al., 2002; Bangs et al., 2005, 2011, Heeschen et
al., 2005 Trehu et al., 2004, 2006; Borhmann et al., 2007, Crutchley et al., 2013). Similarly, three
active methane plume sites off the western margin of Vancouver Island have been well-studied
(Chapman et al., 2004; Riedel, et al., 2001; 2006; 2010; Riedel, 2007; Torres et al., 2008).
Although fewer in number than on the Oregon and Washington segments of Cascadia, the
Vancouver Island methane emission sites have also been the site of ODP and IODP drilling and
are a node of the Canadian NEPTUNE fiber optic cable network (Barnes et al., 2008; Heesemann
et al., 2013). Both the Vancouver Island and Hydrate Ridge sites are all located deeper than 600
meters water depth, where gas emissions are not likely to be the result of modern seawater warming
at mid-slope depths.

On the Washington margin, previous acoustic signatures of methane flux have detected regions
of extensive seafloor surface carbonate deposits (Salmi et al., 2011). Located on the continental
shelf at 130 meters water depth, these methane emissions are too shallow to be related to
contemporary hydrate decomposition. Recent Remotely Operated Vehicle (ROV) and ship based
surveys on the deeper part of the Grays Harbor portion of the Washington margin have also
detected large-scale seafloor carbonate deposits associated with long-term methane emissions, as
well as water column methane gas plumes (Johnson et al., 2013) and prevalent BSRs in the sub-
surface (Holbrook et al., 2012). During a 2013 heat flow survey of the Washington margin using
the ROV Jason Il and the R/V Atlantis, methane plumes at water depths of 1046 and 1988 meters
were discovered proximal to active methane-specific bioherms (Johnson et al., 2013). However,
these deeper bubble plume emission sites lie significantly below the upslope hydrate
decomposition depth. For this study, we characterize methane emissions over the entire depth
range of the Cascadia margin, including at the upper limit of methane hydrate stability. The
calculated upper feather-edge of hydrate stability of 500 £ 4 meters for the Washington margin is
taken from the Hautala et al. (2014) study, and is reported as deeper at the south and shallower at
the north end of the margin. The upper stability depth at the northern Oregon margin has been
reported to be ~510 m by other studies focused on the Hydrate Ridge region (Torres et al., 2009,
Bangs et al., 2011; Kannberg et al., 2013).

Identification of Methane Plume Sites

Active methane gas emissions are detected through acoustic observations of bubble plumes
in the water column (Figure 1 and Supplemental Figure S1). These acoustic reflectors are oriented
vertically in the water column, have a characteristic plume-like shape, are often referred to as
flares, and appear to be sourced directly from the seafloor. Although diameters of the individual
gas bubbles with a size distribution centered at approximately 2-4 mm (Leifer and Culling, 2010;
Romer et al., 2012a; Schneider von Deimling et al., 2011) are too small to be individually reflected
by sonar acoustic frequencies which have wavelengths of tens of centimeters (Salmi et al., 2011),
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the collective groups of rising bubble streams and associated entrained bottom water presents the
strong impedance contrast required to acoustically image in the water column (Leifer and Patro,
2002; Greinert et al., 2006; Romer et al., 2012b, Schneider von Deimling et al., 2012; Salmi et al.,
2011; Supplemental Figure S1). The installation of EM302 and EM122 Kongsberg swath
bathymetry systems on the U.S academic research fleet have made it possible to routinely detect
gas bubble plumes within the water column. These plume-like acoustic images have been
confirmed as bubble streams using co-located ROV video images at a variety of sites (for Cascadia
examples see Torres et al., 2009, Salmi et al., 2011, Riedel et al., 2007) and have been used
extensively as an indicator of bubble plumes in other continental margin environments (Greinert
etal., 2006; 2009, Sauter et al., 2006, Romer et al., 2012, Brothers et al., 2013, Skarke et al., 2014).
Bubble plumes are also routinely detected by commercial fishing vessels, where sonar chirp
frequencies range from 50 kHz to 200 kHz, depending on the water depth and required resolution.

A major uncertainty associated with any compilation of methane emissions on global
continental margins is the caveat that the bubble streams are discontinuous in both space and time
(Leifer et al., 2006, Greinert; 2009, Schneider von Deming et al; 2010). Some emission sites are
long-lived, surrounded by large associated carbonate deposits that take thousands of years to form
(Bayon et al., 2009; Berndt et al., 2014; Teichert et al., 2003). Methane emissions can also be
intermittent over a wide range of time scales (Riedel, 2007, Bangs et al., 2011, Greinert, 2009,
Kannberg et al., 2013). Where bubble plume emissions are episodic, they can sometimes be
correlated with external tidal cycles or bottom water velocities (Suess et al., 2001, Thomsen et al.,
2012). In time-series observations taken at methane emission sites, the bubble stream flows can
appear randomly intermittent, with flow controlled by modifications such as blockage of sub-
surface pathways by gas accumulation or mineral precipitation processes not readily visible to
seafloor or shipboard based sensors (Tryon et al., 2002; Solomon et al., 2008; Lapham et al., 2013).
Because of obvious limitations on logistics and resources, we ignore any potential temporal
variations and make the simplistic assumption that the plume distributions are static and constant,
at least over the past 10 years of data acquisition.

The 122 active methane gas emission sites in this study were compiled from both traditional
and non-traditional sources (Figures 2 and 3). Most sites were discovered in the course of
systematic geophysical surveys of relatively small areas of the margin. Many but not all of the
bubble streams were later confirmed as methane gas by surface ship CTD casts, and submersible
ALVIN and ROV water sampling. The majority of the methane plume sites identified on the
Oregon portion of the Cascadia margin are from the compilation of Torres et al. (2009) using these
methods. Three well-studied methane plume sites off the west coast of VVancouver Island are of a
similar nature and are described in Riedel et al., (2010) and references within.

Included in the present compilation are 45 bubble plumes discovered and informally
contributed by commercial fishermen using standard deep-water acoustic fish locating sonars.
Modern commercial fish locating sonars are integrated with GPS navigation that can provide co-
located seafloor depths, surface ship GPS location and images of plume-like reflectors in the water
column. The photographic images of these reflectors were recorded by commercial fishermen
using cell phone cameras, and were provided to the authors over a period of several years (Figure
3A; Supplemental Figure S1). An important sub-set of the plume sites detected by fisherman
were later confirmed by subsequent scientific field programs using swath bathymetry and water
column imaging of the EM302 system on the R/V Thomas G. Thompson (Figure 3C).

For the acoustic images obtained with fishing and other sonars to be identified as methane
plumes, these reflectors were required to (1) be oriented sub-vertically, (2) extend at least 50
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meters upward through the water column, (3) clearly originate at the seafloor, and (4) not match
the criteria used to identify fish or other biological swarms including acoustic reflection lobes that
spread horizontally at a given water depth (Figure Supplemental S1). Bubble plume locations
derived from formal scientific expeditions on research vessels are also confirmed using swath
water column imaging (Figures 3B and 3C) or ROV video images of bubbles when those systems
have been available.

An issue in interpreting the present compilation is the confirmation that acoustically-imaged
bubble plumes are actually composed solely of pure methane gas of microbial origin rather than a
more complex organic gas of thermogenic origin, which would push the upper limit of gas hydrate
stability to shallower depths. Torres et al. (2009) and Collier and Lilley (2005) show that most of
the methane plumes in the Oregon margin compilation are composed primarily of methane gas,
with only minor amounts of heavier hydrocarbons. These and other studies showed that many of
the bubble streams off the Oregon coast are associated with surface exposures of solid methane
hydrate (Johnson et al., 2003; Kannberg et al., 2013 and references within). However, many
Oregon margin sites are located deeper than the upper limit of hydrate stability (Figure 4) and
therefore unlikely to be derived from the decomposition of hydrate by contemporary warming of
near-bottom seawater. The plume sites on the VVancouver Island segment of the Cascadia margin,
also located below the hydrate stability depth, have been confirmed to be composed of both
microbial and thermogenic methane gas, are associated with seafloor exposures of solid gas
hydrate, and are proximal to extensive long-lived seafloor carbonate deposits (Riedel et al., 2010;
Joseph et al., 2013; Lapham et al., 2013).
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Supplemental Figure S2. Histogram showing the area of the individual depth bins for the Cascadia margin
after partitioning into 100 meter depth intervals, beginning at 50 to 149 meters water depth. Note that the
partition containing the shallow continental shelf between 50 and 149 meters has the largest area. Cascadia
shelf break varies along-strike, but lies at approximately 180 to 200 meters water depth.
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Depth Determination

Of the 194 total bubble stream emission sites, 129 sites have water depths extracted from the
original fishing or research vessel acoustic sounder data, using the travel time of the acoustic
return. These travel time depths could range in confidence from the fixed acoustic velocity values
used for fishing sonars to the CTD-calibrated depths used during the research cruises. Each of
these depths was tested by co-locating the methane emission site with a Cascadia Margin
multibeam bathymetry compilation within GeoMapApp (http://www.geomapapp.org) and
comparing it to the depth provided by the original bathymetric data. Of the 129 total sites
compared using primary source depths and GeoMapApp depth, 96 locations agreed within 10
meters and 114 locations agreed within 50 meters. The GeoMapApp multiple resolution depth
compilation includes both modern high resolution swath bathymetry that overlies a lower
resolution NOAA multibeam bathymetry data set (Ryan et al., 2009). Three of the sites contributed
by fishing sonar exceeded 100 meters depth disparity between reported primary source depths and
GeoMapApp depths, but these corresponded to the low resolution portions of the compiled
bathymetric data or could be due to using incorrect seawater velocity profiles. Depths provided
by the primary reporting sources were used in all calculations in the study where available.
However, 65 of the total 169 sites had only locations without original reported depths and were
taken from the GeoMapApp bathymetric compilation. Figure S4 compares primary source depths
with those depths given at the same location by the GeoMappApp bathymetry data. The high
correlation lends confidence to the use of GeoMapApp depths where depth data is otherwise
absent.
There are general increasing uncertainties associated with each of these depth assignments,
where depths derived from submersible or ROV observations are assumed accurate within
several meters. Depths from the R/V Thompson EM302 coverage have estimated accuracies of
+ 5 meters, largely due to uncertainties in the horizontal positioning of the ship, and those depths
from fishing sonars were assigned an uncertainty of +10 meters due to the use of fixed factory-
calibrated water velocity profiles. The uncertainties were estimated by comparing compares site
depths obtained from GeoMapApp obtained using the latitude and longitude of the site locations
to those original reported depths taken from research cruises, literature and fishing sonar images
where there was overlap in coverage for the same bubble plume locations (Supplemental Figure
4).

Data Processing
Bubble Stream Clustering

Areas of methane emissions can consist of multiple individual gas streams that are
partitioned in the shallow sub-surface just prior to entering the water column. As an example, a
detailed survey of an emission site located on the Washington continental shelf shows
approximately 20 individual bubble streams rising within the water column originating from what
appears to be a single deeper sub-surface source of methane (Salmi et al., 2011; their Figure 1). In
order to not overestimate sites composed of multiple but closely-related bubble streams, individual
bubble plumes were grouped together in order to identify bubble streams that share a common sub-
surface pathway. We applied a clustering strategy that consolidates all gas streams located within
a fixed radius of 300 m, using the well-characterized Salmi et al (2011) site as our guide. A similar
distribution of individual methane gas streams is present on the Vancouver Island Barkeley
Canyon site, although the collection radius used there is somewhat larger than the 300 meter radius
selected for this compilation (see Riedel, 2007). Some methane emission sites, particularly the
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Supplemental Figure S4: Comparison of all primary source depths (fishing sonar, research sites, literature)
with their equivalent depths obtained using the GeoMapApp database (multibeam bathymetry overlay data
only). The R? value for a linear fit of a 1:1 slope is 0.9823. The strong linear correlation implies that most
depths used are consistent with independent swath bathymetry depth sources and therefore likely to be reliable
for this compilation.

quasi-linear distribution visible on the Washington shelf near Grays Canyon (Figure 1) appear
controlled by listric fault traces that are not point sources (McNeill et al., 1997) and are therefore
unlikely to have a characteristic clustering radius.

As an example of the clustering process, if there are distinct bubble streams identified
within a clustering radius of 300 meters, it was still counted in this compilation as only one
emission site. We arrived at a standard radius of 300 meters by testing clustered radii of 0, 150,
300 and 500 meters, to identify a characteristic length scale for emission sites where the number
of total sites counted would become almost constant with increasing radii. Supplemental Figure
3S shows the number of plumes sites flattening with increasing clustering radii between 300 and
500 meters, suggesting that 300 meters is approaching but not yet reaching the full characteristic
length scale for methane emission sites on the Cascadia margin.

Areal Normalization

The Cascadia margin is an active accretionary wedge where the bathymetric depth varies
non-uniformly both across-strike and along-strike of the subduction zone convergence. This
variation produces significant differences in the amount of area associated with each across-strike
depth interval of the margin (Supplemental Figure 2S). For example, the entire Cascadia margin
continental shelf between the depths of 50 and 149 meters has an area of 2.68 x 10* km?, while the
depth interval over the same 100 meter spacing between 450 and 549 meters has a much smaller
surface area of 3.41 x 10° km®. Without areal normalization, a uniform distribution of emission
sites should produce a higher bubble stream count for depth intervals that have the largest exposed
horizontal area, such as the continental shelf margin and mid-slope terraces which have larger
horizontal areas. In order to compare methane plume density across depth intervals of varying
areas, we normalized the observed plume density to area by using the following equation:

Normalized plume density at D = Ny/(A)
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Supplemental Figure S3: Summary count of the total number of emission sites on the Washington and Oregon
segments of the Cascadia margin after applying bubble stream clustering radii of 0, 150, 300 and 500 meters. A
clustering radius of 0 meters would count every distinct individual bubble stream as an emission site. A
clustering radius of 300 meters rather than 500 meters was used in Figures 3,4 and 5 since some sites on the
continental shelf are associated with quasi-linear faults and do not show a characteristic clustering parameter
(see Figure 1 in text)

where N, is the plume site count, A is the area associated with each 100 meter depth interval along
the entire margin, and D specifies the depth interval in meters (i.e., D = plumes/km? for a specific
100 meter wide depth bin).

Areal normalization provides a more accurate measure of bubble stream density with units
of plumes/km? per depth interval than simple depth binning methods that have been used
previously. For this normalization, we used the compiled margin bathymetry dataset available for
Cascadia in GeoMapApp, sub-divided the margin depths into 100 meter depth bins for each of the
depth intervals on the Cascadia margin (i.e., 50-149, 150-249, 250-349, ..., in meters). We then
calculated the areas for each depth interval using the geospatial processing program ArcMap.
Plume densities are discussed in terms of these area-normalized units for the remainder of this
report.

Non-Uniform Sampling Bias

Non-uniform and incomplete sampling of the entire Cascadia margin can produce a bias in a
compilation of ad hoc emission sites. No complete systematic geophysical survey of methane
emission sites of the entire Cascadia margin presently exists, although Torres et al (2009) have
compiled many sites within a compact region of the Oregon coast near Hydrate Ridge, and the
Grays Canyon area of Washington State has also had considerable coverage over a small area
(Holbrook et al., 2012; Johnson et al., 2013). Scientific expeditions with goals other than methane
bubble stream identification are non-uniformly distributed along the Cascadia margin, with many
located at water depths deeper than the 500 meter upper limit of the MHSD for Cascadia. While
useful in characterizing acoustic images associated with bubble streams and for confirming those
fishing sonar anomalies, these focused scientific research expeditions have primarily targeted
localized areas on the mid- and lower-slope of the Cascadia margin and do not provide uniform
areal coverage.
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Figure 3a shows that only a small number of the emission sites contributed from fishing
sonars are located below 1000 meters. Any bias toward mid- to upper-slope depths by fishing
sonar surveys on the Cascadia margin is difficult to quantify, since there is no estimate available
of the time each fishing boat spends surveying at each depth interval. Fish catch reports indicate
that the most completely sampled regions by the Cascadia margin commercial fishing fleet are
the upper slope above 1000 meters depth
(http://www.nwfsc.noaa.gov/research/divisions/fram/observation/data_products/index.cfm). The
incomplete and non-uniformly sampled margin coverage for all data sources will limit
confidence in any interpretation of our compilation, which must be viewed critically in this light.
Since the primary hypothesis being tested is whether or not methane bubble plumes on the
Cascadia margin have an unusual density in the range of depths that includes the upper limit of
gas hydrate stability, an ideal compilation producing Figure 5 would require that all Cascadia
continental slope depths would have been surveyed uniformly using a single methodology.
Given the ad hoc and informal sources of some plume identifications in our compilation, this
desired uniformity and completeness of spatial coverage is clearly not realized, and is further
discussed below.
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Figure 2. Histogram of all individual methane bubble streams observed in this study plotted as a function of site
depth (meters), with no clustering or normalization by area applied. Depth bins are 100 meters wide, beginning
at 50 meters water depth. Note the strong peak in the 150 to 249 meter depth bin where listric faults are present
on the continental shelf edge between 150 and 249 meters water depth.
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Figure 3a; Methane plumes identified using fishing sonars that have been normalized by area of depth bins and
clustered using 300 m radii. Figure 3b: Methane plume sites taken from scientific literature normalized by area
of depth bin and clustered using 300 m radii. Figure 3c: Methane plume sites taken from University of
Washington research cruises on the R/V Thomas G. Thomson and R/V Atlantis and normalized by the area of
each depth bin and clustered using 300 m radii.

Sensitivity Tests

We performed a series of sensitivity tests to test confidence in our interpretations based on
the observed methane bubble plumes from this compilation. The first test is whether the anomalous
plume densities shown in Figure 5 are due to only one of the data sources for the compilation, or
are present independently in all three of the source sub-datasets. Figures 3a, 3b and 3c show the
partitioning of the plume depth inventory by source, differentiating between plumes exclusively
from fishing sonars, those from research cruises and those from published ROV and submersible
studies. Examination of these histograms shows that a peak in plumes/km? at the depth bin for
500 (i.e., 450 to 549) meters is present in all subsets of the compilation (Figure S4), and is not
dependent on the source of the identifications.
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The plume density anomaly was also tested for along-strike geographical bias. Figures 4a
and 4b shows plume distributions divided geographically into Washington and Oregon portions of
the Cascadia margin. These two figures indicate that the plume sites for both geographic areas
show an unusually high density of emission sites in the 500-meter depth interval that is associated
with the upper hydrate stability depth. Figure 4 also shows that most of the Oregon emission sites
are derived from published research expeditions rather than more recent fishing sonar
observations. In contrast, the plume densities on the Washington segment have a broader mix of
sources that include fishing sonar, R/VV Thompson, R/V Atlantis and R/V Langseth swath
bathymetry, and published methane plume sites (Figure 4). Even though the Washington and
Oregon segments have a widely different mix of plume identification sources, comparison of the
two geographical regions both show an anomalously high plume density near 500 meter water
depths.
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Figure 4. North-South geographic partitioning of methane plume sites, all with a clustering of 300 meter for
individual bubble streams applied to the data and normalized by area for each 100 meter depth bin. Top figure
shows the WA margin, from the Straits of Juan de Fuca to the Columbia River. Bottom figure is the Oregon
margin from the Columbia River to the California state line. For both of these North-South segments of the
Cascadia margin, the depth bins that include 500 meters water depth that are normalized by area has a high
density of methane emission sites shown as peaks in the respective histograms.
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Anomalous Plume Density for Cascadia

Using our preferred bubble stream clustering radius of 300 meters, Figure 5 represents our
estimate of the depth distribution of the 113 high confidence methane plume sites detected by the
data acquisition methods described above. The original large plume depth anomaly at the depths
of less than 200 meters for un-clustered individual bubble streams for the shallow continental shelf
in Figure 2 is reduced by applying the clustering process. Significantly, the peak plume density
anomaly at the 500 meter depth interval persists after clustering. Of the total clustered 113
emission sites in this collection for the entire Cascadia margin at all depths, 14 sites lie within the
narrow 450 to 549 meter depth range, which includes the upper hydrate stability depth of 500
meters.

Discussion and Interpretation

We approached this study with the goal of addressing the specific question: are there any
plume density anomalies located across-strike the Cascadia Margin? If these density anomalies
exist, are they located within the depth interval that contains the upper limit of hydrate stability?
Logically, there are three possible alternative plume distributions that form the corresponding Null
Hypotheses to this question. The first Null Hypothesis is that methane plume sites might have a
uniform depth distribution along the Cascadia margin. However, even without the application of
any filters, the bubble stream distributions shown in Figures 2 and 5 indicate that this Null
Hypothesis is unlikely to be correct.

The second Null hypothesis is that any observed non-uniform distribution of methane
emissions with depth would be controlled by tectonic and geological processes that are unrelated
to changing sea water temperatures or hydrate decomposition and instead are controlled by sub-
surface tectonic and bio-geochemical processes present. Figures 2 and 5 show a very non-uniform
distribution for the bubble emission sites, with plume density anomalies associated with both the
continental shelf (<200 m) and the depth of the upper limit of hydrate stability at 500 meters. In
shallow water, the Washington continental shelf edge has been previously shown to be an
extensional region with deep listric faults (McNeil et al., 1997), and these fault traces are sites of
both fluid and methane emissions (Salmi et al., 2011).

Previous tectonic models of fluid and gas migration for an active accretionary wedge
predict observed plume emissions occurring near 2000 meters, 1000 meters, and on the shallow
continental shelf region. In these models, the deeper sites near 2000 meters have been
suggested to be due to sediment porosity reduction behind the deformation front (Hyndman et
al., 1993; Wang et al., 1993; Wang, 1994; Shi and Wang, 1994; Riedel et al., 2010). In addition,
the fluid/gas emissions occurring near 1000 meter depths have been proposed due to the
development of late stage tectonic fault pathways that penetrate deeply into the middle portion of
the accretionary sediment wedge (Wang et al., 1993; Moore et al., 1991; MacKay et al., 1992;
Davie and Buffet, 2003; Bangs et al., 2011; Mandal et al., 2014; Hornbach et al., 2012; Li et al.,
2014). In contrast to this model, observations using acoustic backscatter images of seafloor
carbonate deposits suggest that the sub-surface fluid/methane vertical migration paths are
strongly correlated with, and the locations primarily controlled by, the development of folded
anticlinal ridges associated with the horizontal shortening of the accretionary wedge (Carson et
al., 1991, 1994, Johnson et al., 2003).

At the critical minimum depth of gas hydrate stability near 500 meters in the North
Pacific, we are not aware of any tectonic model that predicts a higher density of methane
emission sites either below the shelf edge at 200 meters or above the near-1000 meter depth
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interval where the emission anomaly shown in Figure 5 is located at 500 meters depth.
However, we note that the lack of a currently published model does not indicate the absence of a
yet-undescribed tectonic process.

The third possible Null Hypothesis is that if our plume compilation shows an anomalously
high emission site density within the depth range that contains the upper hydrate stability depth of
500 meters, this density anomaly could still be solely the result of areal/depth sampling biases
from incomplete survey coverage of the entire continental slope. Due to the ad hoc nature of our
plume site sources, our data compilation may be fundamentally biased by spatially non-uniform
survey tracklines that cannot be addressed quantitatively. Although difficult to verify, we assume
that the fishing sonar observations of methane plumes may be more frequent on the shelf and upper
margin mid-slope to 1000 meters water depth. In contrast, subduction zone-related research
cruises and resultant emission sites taken from the reviewed scientific literature are likely to be
surveying the lower mid-slope and deformation front on the deep margin rise. These opposing
depth/spatial biases could partially compensate for the commercial fishing sonar observations,
although this hopeful assumption may not be supported by more systematic geophysical surveys
in the future.
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Figure 5. Histogram showing all methane emission sites on the Washington and Oregon segments of the
Cascadia margin, with 300 meter clustering applied to the individual bubble streams and normalized by the
area contained within each 100 meter depth bin. Color bar legend shows methane plume site data sources.

Results from Cascadia Margin

Whether partitioned by (1) bubble stream cluster radius, (2) plume identification method,
(3) geographical region or (4) normalized for the area of each depth interval on the entire margin,
the narrow 100 meter wide depth range that includes upper hydrate stability depth of 500 meters
on the Cascadia margin appears to be an anomalously active region of methane plume emissions.
Lacking any known alternative tectonic or geologic model that would produce anomalously high
number of emission sites in this narrow depth range, and with new evidence that 44 years of
seawater warming is also occurring at this depth, a plausible remaining explanation is that methane
hydrates at the upslope feather edge of phase stability appear to be decomposing along the entire
Cascadia margin.
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This proposed hypothesis is consistent with a previous thermal model of the Cascadia upper
continental slope that shows gas hydrates may have begun to dissociate in response to sea water
warming observed in this depth interval and at this location (Hautala et al., 2014). That previous
study used archived water temperature profiles to show that sea water in the Washington segment
of Cascadia in the interval 400 to 700 meters has risen +0.007 °C/year over the past 45 years.
Depending on local margin bathymetry, this warming is sufficient to cause the upper methane
hydrate stability depth to migrate vertically 10 to 20 meters over this time period, releasing
substantial quantities of methane gas (Hautala et al., 2014). If our assumptions and analyses are
correct, the unusual density of methane plume emission sites at the upper stability limit for methane
hydrate shown in Figure 5 is consistent with thermal models that show contemporaneously
warming seawater is causing hydrates to decompose along the entire Cascadia margin, potentially
from Northern California to Vancouver Island. While the above argument is plausible, it falls
short of providing the confidence level that a uniform survey of the entire Cascadia margin,
optimally using a single survey tool, would provide.

Conclusions

The present compilation of methane emission site densities along the Cascadia margin in the
NE Pacific suggests that methane emission sites are preferentially located within depths
represented by both the continental shelf and at the 500 meter depth on the margin, with the latter
representing the depth interval that contains the upper limit of gas hydrate stability. However, this
compilation includes non-traditional data acquisition methods and lacks the weight of a systematic
geophysical survey with 100% areal coverage. The number of plumes within the 450 to 549 meter
depth bin represents only 12% of the total emission sites from all depths over the entire Cascadia
margin.

The area normalization for each of the 100-meter Cascadia depth bins and the persistence of
the resulting emission peak at 500 meters after the application of several sensitivity tests adds
weight to our proposed identification of the 14 emission sites as a substantial depth anomaly for
methane emissions. Given this anomalous density of methane emission sites at the critical hydrate
decomposition depth, the present Cascadia compilation is consistent with thermal models that
show the observed warming of North Pacific seawater over the past several decades. This warming
may be decomposing the previously stable hydrate reservoir along the entire Cascadia Margin
(Hautala et al., 2014). If this hypothesis is correct, extensive decomposition of methane hydrate
on the active Cascadia margin sediments has potential for major societal impact, including changes
in near-bottom seawater chemistry including oxygen consumption and ocean acidification (pH)
anomalies harmful to local near-bottom dwelling biota, possible tsunami-generating slope failures,
and a potential positive feedback to atmospheric greenhouse gas emissions.

Extracting useful information from imperfect data sets has a strong tradition in
oceanography, and with proper caveats, can be used to advance current models regarding critical
processes to the next stage. The way forward is obvious; a systematic geophysical and
geochemical examination of the entire Cascadia continental margin as well as other active and
passive margins is required that includes the entire depth range from the continental shelf to the
abyssal plain.
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Supplemental Table S2. Methane Plume Inventory on the Washington and Oregon Segments of the Cascadia

Subduction Zone.

Final Depth
Latitude, °N Longitude. °E (m) Source

3.0333 -124.6700 132 Collier et al (2005)
43.8760 -124.9190 493 Torres et al. (2009)
44.0033 -124.8700 83 Collier et al (2005)
44.0070 -124.9360 223 Torres et al. (2009)
44,1120 -124.9430 219 Torres et al. (2009)
44.1920 -124.9690 275 Torres et al. (2009)
44.2170 -125.0000 462 Torres et al. (2009)
44.2790 -124.9020 221 Torres et al. (2009)
44.2810 -124.9810 633 Torres et al. (2009)
44.5330 -124.9170 471 Torres et al. (2009)
44.5580 -124.8970 539 Torres et al. (2009)
44.6750 -125.1250 678 Carson et al. (1991)
44.6750 -125.2916 2017 Carson et al. (1990)
44.6830 -125.2850 2104 Carson et al. (1990)
44.7320 -124.8830 565 Torres et al. (2009)
44.7330 -124.8830 587 Torres et al. (2009)
44.8360 -124.8360 344 Torres et al. (2009)
44.8370 -124.9630 747 Torres et al. (2009)
44.8410 -124.9570 711 Torres et al. (2009)
44.8470 -124.8380 567 Torres et al. (2009)
44.8655 -124.8878 529 Torres Oregon Plume
45.8726 -124.6450 200 fishing sonar plumes
45.8770 -124.6456 199 fishing sonar plumes
45.8785 -124.6465 199 fishing sonar plumes
45.8805 -124.6500 200 fishing sonar plumes
45.8820 -124.6390 183 fishing sonar plumes
45.8825 -124.6470 199 fishing sonar plumes
45.8830 -124.6427 194 fishing sonar plumes
45.8830 -124.6420 190 fishing sonar plumes
45.8840 -124.6411 185 fishing sonar plumes
45.8850 -124.6386 182 fishing sonar plumes
45.8857 -124.6370 181 fishing sonar plumes
45.8860 -124.6380 181 fishing sonar plumes
45.8860 -124.6355 177.5765 fishing sonar plumes
46.1950 -124.6650 526.6944 fishing sonar plumes
46.2130 -124.6570 467 fishing sonar plumes
46.2145 -124.6660 548.64 fishing sonar plumes
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46.2163 -124.6550 548.64 fishing sonar plumes
46.26523167 | -124.251607 70 TN-177
46.50456617 | -124.4406662 109 TN-207
46.64399183 | -124.313437 66 TN-177
46.66629683 | -124.3146268 66 TN-177
46.68335517 | -124.315577 64 TN-177
46.69977517 | -124.3164968 65 TN-177
46.7006035 | -124.317252 65 TN-177
46.74022183 | -124.382997 78 TN-177
46.7484 -125.4197 1988 August 2013 Cruise
August TGT 2013

46.7823 -125.26414 1027 Cruise

August TGT 2013

46.78243 -125.26348 1034 Cruise
August TGT 2013

46.78291 -125.26227 1068 Cruise
August TGT 2013

46.7830 -125.2642 1046 Cruise
August TGT 2013

46.7833 -125.26357 1051 Cruise
August TGT 2013

46.7840 -125.2617 1081 Cruise
46.83223683 | -124.5639053 104.8 TN-177
46.83359017 | -124.5851903 108.5 TN-177
46.83421017 | -124.4989437 92 TN-177
46.83452517 | -124.5212703 96 TN-177

46.8343335 | -124.2698487 48.8 TN-177
46.83460183 | -124.426177 78.3 TN-177
46.84064867 | -124.6950912 135 TN-207

46.8457685 | -124.493447 89.8 TN-177

46.8458035 | -124.541202 98 TN-177
46.84592017 | -124.5942737 108.4 TN-177
46.86965683 | -124.5365737 95.2 TN-177
46.87982183 | -124.8356628 157 TN-207
46.88116067 | -124.8401718 156 TN-207

46.8813515 | -124.8313675 157 TN-207
46.88135917 | -124.8323212 158 TN-207

46.882515 | -124.835823 160 TN-207

46.8850 -124.7770 154 Salmi et al plume

46.8851815 | -124.7765198 154 TN-207

46.8852615 | -124.7809317 152 TN-207
46.88584517 | -124.776535 155 TN-207
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46.88671117 | -124.7778168 152 TN-207
46.89015583 | -124.7851563 154 TN-207
46.89070133 | -124.8447418 153 TN-207
46.8915185 | -124.7173387 134 TN-177
46.8934885 | -124.6180753 110 TN-177
46.89399717 | -124.8124467 160 TN-207
46.898407 | -124.8760452 180 TN-207
46.89974017 | -124.6331537 112 TN-177
46.90524683 | -124.6856587 123 TN-177
46.90913017 | -124.8177643 162 TN-207
46.90996517 | -124.5160503 88 TN-177
46.9155045 -124.89402 192 TN-207
46.91586517 | -124.5150753 86 TN-177
46.9162635 | -124.9029007 256 TN-207
46.91725683 | -124.6611153 117 TN-177
46.91904833 | -124.9265365 488 TN-207
46.91934967 | -124.889183 171 TN-207
46.92648183 | -124.5170303 84 TN-177
46.93190183 | -124.5220803 83 TN-177
46.94059367 | -124.955072 211 TN-207
46.9422263 | -124.9574508 207 TN-207
46.944748 | -124.9341355 193 TN-207
46.944973 | -124.9338683 191 TN-207
46.9460945 | -124.9168472 175 TN-207
46.9517135 | -124.9161835 174 TN-207
46.9547996 | -124.9203415 175 TN-207
46.955967 | -124.9401932 205 TN-207
46.958908 | -124.9442978 208 TN-207
46.96186067 -124.92099 175 TN-207
46.96381767 | -124.9230118 177 TN-207
46.96704483 | -124.9193343 169 TN-207
46.969952 | -124.9413833 171 TN-207
46.97291183 | -124.9643632 175 TN-207
46.97566 | -124.9673615 184 TN-207
46.97640983 | -124.9503173 170 TN-207
46.98126217 | -124.970665 177 TN-207
46.983036 | -124.9777527 245 TN-207
46.98417283 | -124.961235 164 TN-207
46.98468783 -124.96241 164 TN-207
46.98811333 | -124.948494 156 TN-207
46.98899083 | -124.9443283 156 TN-207
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46.989502 | -124.941246 156 TN-207
46.99304583 | -124.9636383 162 TN-207
46.9935875 | -124.9745788 228 TN-207
46.993618 | -124.9484787 154 TN-207
46.99165733 | -124.9480515 154 TN-207
46.9942893 | -124.9612732 159 TN-207
46.99447633 | -124.943634 155 TN-207
46.99452583 | -124.948288 154 TN-207
46.99496833 | -124.9448472 154 TN-207
46.99518583 | -124.9743652 191 TN-207
46.99518583 | -124.9584275 156 TN-207
46.995369 | -124.9658203 160 TN-207
46.99588017 | -124.9485168 154 TN-207
46.99627683 | -124.9391022 155 TN-207
46.9982033 | -124.9443588 154 TN-207
46.998787 | -124.9724578 173 TN-207
46.99883267 | -124.9725265 173 TN-207
47.00130083 | -124.971283 166 TN-207
47.00716517 | -124.9574583 160 TN-207
47.007454 | -124.966423 160 TN-207
47.0578 -125.0780 1396 fishing sonar plumes
47.0584 -125.0544 1253 fishing sonar plumes
47.0828 -125.0588 1113 fishing sonar plumes
47.0832 -125.0568 1111 fishing sonar plumes
47.2729635 | -124.7195737 122 TN-177
47.38408517 | -124.753087 133 TN-177
47.5763 -125.0677 306 fishing sonar plumes
47.5766 -125.0703 323 fishing sonar plumes
47.5772 -125.0706 320 fishing sonar plumes
47.5773 -125.0652 283 fishing sonar plumes
47.5774 -125.0720 328 fishing sonar plumes
47.5781 -125.0652 277 fishing sonar plumes
47.5788 -125.0662 285 fishing sonar plumes
47.5790 -125.0647 277 fishing sonar plumes
47.5791 -125.0660 277 fishing sonar plumes
47.5792 -125.0647 276 fishing sonar plumes
47.5792 -125.0647 274 fishing sonar plumes
47.5793 -125.0660 281 fishing sonar plumes
47.5828 -125.0588 235 fishing sonar plumes
47.5833 -125.0568 277 fishing sonar plumes
47.5840 -125.0544 277 fishing sonar plumes
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47.8427 -125.2500 473 fishing sonar plumes
47.8437 -125.2497 470 fishing sonar plumes
47.8441 -125.2500 471 fishing sonar plumes
47.9220 -125.6532 560 fishing sonar plumes
47.9287 -125.6406 523 fishing sonar plumes
47.9298 -125.6393 533 fishing sonar plumes
47.9288 -125.6452 528 fishing sonar plumes
48.0278 -125.6627 402 fishing sonar plumes
48.0398 -125.6657 485 fishing sonar plumes
48.06697533 | -124.9634803 98 TN-177
48.107377 | -124.9781437 120 TN-177
48.6330 -126.9167 1300 Amnesiac Flare
48.7183 -126.9042 1350 Spinnaker Flare
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POST-EXPEDITION RESULTS

Preface

The work conducted pre-expedition provided the essential combination of high-resolution
maps of the gas hydrate system with a clearly-defined edge of methane hydrate stability, strong
constraints on the degree of bottom water warming along the upper continental slope of the
Washington margin over the past 40 years, multi- and single-beam sonar evidence of enhanced
methane seepage near the upper limit of methane hydrate stability, and numerical simulations of
the downslope retreat of the methane hydrate stability zone over the period of historical
warming, all of which were important in guiding the systematic geochemical and geophysical
survey of methane seepage during the research expedition. The goal of the field program was to
test and better understand the response of the upper limit of methane hydrate stability to
contemporary warming of bottom water. We conducted the systematic survey of methane
emissions along this climate-sensitive margin corridor during a 10-day field program from the
10-19 October 2014 on the R/V Thompson. The field program consisted of an along margin
multi-beam sonar survey of methane seepage, traditional coring and pore water sampling, water
column sampling, and heat flow measurements with the primary goal of characterizing the
source of fluid and methane emissions and their relationship to contemporary intermediate
bottom water warming along the margin.

The results of this field program and post-expedition geochemical and geophysical analyses
are presented in this section. This work related to Tasks 7-12 in the original proposal, represents
a significant portion of Theresa Whorley’s M.Sc. thesis at the University of Washington, and has
been published an is in preparation for publication in the following two citations:

Whorley, T.L.", Solomon, E.A., Philip, B.T., Torres, M.E., Johnson, H.P., 2017. Investigating the
response of methane hydrates to modern bottom water warming along the upper continental
slope of the Cascadia margin, Paper, 9" International Conference on Gas Hydrates, Denver,
CO, USA.

Whorley, T.L.", Solomon, E.A., Philip, B.T., Johnson, H.P., in prep. Investigating the response
of methane hydrates to modern bottom water warming along the upper continental slope
of the Cascadia margin, Earth Planet. Sci. Lett.

Introduction

Gas hydrates are stable at moderate pressures and low temperatures, and are pervasive in
sediments at continental margins worldwide. Estimates of methane carbon stored in the global gas
hydrate reservoir vary by orders of magnitude (Kvenvolden, 1988; Macdonald, 1990; Holbrook et
al., 1996; Milikov, 2004), with 1.7x10° Gt C near the low-end (Archer et al., 2009) and 6.4x10"
Gt C at the high-end (Klauda and Sandler, 2005). In spite of the uncertainty in the absolute size of
the global hydrate inventory, they represent one of the largest reservoirs of organic carbon on
Earth. Globally, an estimated 99% of the hydrate reservoir is in continental margin sediments at
water depths below 300-500 m, with the remaining 1% in high-latitude, permafrost-bearing
sediments (Fig. 1; Collett et al., 2009; Ruppel, 2011). The majority of the marine gas hydrate
reservoir occurs at mid- to low- latitudes at concentrations of ~1-5% of the pores of fine-grained
clays, but can exceed 20-80% in some settings (e.g. sands and fractured clays; Boswell and Collett,
2006; 2011).
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As a result of the positive seafloor geothermal gradient, gas hydrates are present only within
the first few hundred meters of continental slope sediments. The upper limit of gas hydrate stability
in the marine environment is governed by the prevailing pressure and temperature conditions and
terminates on the upper continental slope at water depths of 300 to 500 meters worldwide. This
up-slope limit of gas hydrate stability represents one of the most climate-sensitive boundaries in
the global hydrocarbon reservoir. Compared to other climate-sensitive gas hydrate accumulations,
including thinning permafrost in the Arctic, upper continental slope hydrates are located adjacent
to actively circulating seawater. This close association permits hydrate dissociation over relatively
short timescales in response to modest warming of seawater at intermediate depths; i.e., years vs
10° to 10° years for other climate sensitive deposits.

There has been a significant amount of recent work investigating the impact of ocean warming
on methane hydrate reservoirs (e.g. Phrampus and Hornbach, 2012; Weinstein et al., 2016; Skarke
etal., 2014; Berndt et al., 2014; Biastoch et al., 2011; Westbrook et al., 2009; Hautala et al., 2014),
but these have mainly been modeling studies or based on the association of methane seeps with
the upper limit of methane hydrate stability and have not documented active methane hydrate
dissociation from direct sampling. Documenting the potential dissociation of upper continental
slope methane hydrates as a result of contemporary bottom water warming is critical as these
reservoirs may release methane to the overlying ocean where it is oxidized to CO,, contributing to
ocean acidification, and may potentially reach the atmosphere where methane is a potent
greenhouse gas. The release of methane into the ocean and atmosphere has been posited as a
potential feedback to modern climate change and invoked as a possible positive feedback to
previous warming periods in Earth’s history (Dickens et al., 1995; Kennett et al., 2003). Recent
studies undertaken to examine the response of methane hydrate to modern ocean warming have
focused primarily on the Arctic region (e.g. Reagan et al., 2011; Biastoch et al., 2011; Thatcher et
al., 2013) with less attention given to intermediate latitude reservoirs (Phrampus and Hornbach,
2012; Weinstein et al., 2016; Skarke et al., 2014; Hautala et al., 2014).

A recent analysis of archive bottom water temperature data along the Washington margin
collected over the past four decades shows a gradual warming trend at the upper limit of methane
hydrate stability (Hautala et al., 2014). Thermal propagation simulations based on these bottom
water records indicate that the MHSZ has retreated downslope by ~1-2 km (~40 m water depth)
since the 1970s (Hautala et al., 2014). With global temperatures forecasted to continue rising
(Zachos et al., 2008), it is critical to understand the current response of the marine methane hydrate
reservoir to bottom water warming at the upper limit of stability, and the biogeochemical response
to methane hydrate dissociation at this and other margins.

Retreat of the methane hydrate stability zone of the magnitude suggested by Hautala et al.
(2014) has the potential to release a significant amount of methane into the sediment column and
possibly the water column, but there is currently no direct evidence that methane hydrate
dissociation is occurring. Johnson et al. (2015) documented 168 bubble plumes from archive sonar
data spanning the length of the Cascadia margin to investigate whether seep distribution on the
margin clusters at the depth of the current upper limit of hydrate stability. These data were
compiled from a range of investigations including those identified by fishermen using single beam
echosounders. Based on a statistical analysis of this incomplete dataset, bubble plumes are more
concentrated along the predicted upper limit of hydrate stability, though other natural mechanisms
of fluid and gas expulsion could not be disregarded. In addition, an Ocean Exploration Trust
Expedition in 2016 on the R/V Nautilus conducted a water column sonar survey spanning Astoria
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Canyon to northern California and documented an additional >400 bubble plumes near the upper
limit of methane hydrate stability (Embley et al., 2016).

Since the Washington margin has experienced bottom water warming at the upper limit of
methane hydrate stability over the past ~40 years and there is circumstantial evidence for enhanced
methane emissions within this depth interval, the Washington margin is an ideal location to better
understand the effects of modern bottom water warming on the upper limit of methane hydrate
stability, specifically the flux and sinks of methane associated with active hydrate dissociation and
the significance of contemporary hydrate dynamics to marine biogeochemical cycles. This study
seeks to constrain the extent of active methane hydrate dissociation along the vulnerable upper
limit of stability along the Washington (WA) sector of the Cascadia margin through the use of
geochemical tracers and to work toward an understanding of the regional biogeochemical impacts
of methane hydrate dissociation in response to modern and future ocean warming.

Geochemical Tracers of Methane Hydrate Dynamics and Sediment Diagenesis

Chloride is a conservative element in low temperature pore water and can be used to trace
the addition and removal of water within the shallow sediment column. The formation of gas
hydrate and clays will remove water from the surrounding pore space and increase the chloride
concentration in the residual pore water. Addition of water from dissociation of hydrate, clay
dehydration at depth, and deeper metamorphic reactions, serve to decrease the concentration of
chloride in pore water. Chloride concentrations alone cannot distinguish what process is driving
the addition or removal of water, therefore other solutes and isotope ratios must be investigated.
The formation of the hydrate structure fractionates water isotopes and preferentially incorporates
the heavier isotopes of oxygen and hydrogen into the structure (Heese and Harrison, 1981). This
process leaves the surrounding pore water depleted of *0 and ?H (or deuterium, D). Hydrate
dissociation releases these heavier isotopes back into the surrounding pore space, increasing §'°0
and 6D values with respect to seawater (Figure 1). Clay dehydration releases heavy oxygen and
light hydrogen, thus decreasing the 8D value and increasing 520 in pore water. By examining
both chloride concentrations and the stable isotopes of oxygen and hydrogen, methane hydrate
formation and dissociation can be distinguished from clay formation and dehydration.

50 3150

Figure 1. Schematic diagrams of expected pore water trends in 50 and 5D when chloride
concentrations (A) increase and (B) decrease with respect to seawater.
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Pore water sulfate (S04%) is another important chemical parameter that provides insight into
methane dynamics. Dissolved sulfate is a major electron acceptor for the oxidation of particulate
organic carbon (POC) (reaction 1). Methane is microbially produced through fermentation of
POC and CO; -reduction after sulfate has been consumed in the sediment column (Claypool and
Kaplan, 1974). This shift in dominant microbial metabolism is referred to as the sulfate-methane
transition zone (SMTZ). The anaerobic oxidation of methane (AOM) is a microbially-mediated
reaction that occurs in the zone where downward diffusing sulfate meets upward diffusing
methane according to the relationship shown in reaction 2.

CH.,0 + SO, > 2HCO3 + H,S + H,0 1)
CHy4 + SO4% > HS + HCO3 + H,0 (2)

The production of bicarbonate (HCO3") through reactions 1 and 2 contributes to alkalinity and DIC
of the pore water and can react with dissolved calcium and magnesium to precipitate authigenic
carbonate minerals. Tracking the 8*3C-DIC values in combination with SO4, DIC, NH,, and
alkalinity can help constrain the distribution and rates of sulfate reduction through POC oxidation,
AOM, and methanogenesis. Pore water SO, gradients, and in particular kinked profiles, can be
used to indicate non-steady state system behavior. Kinked sulfate profiles can be the results of a
variety of factors including changes in sedimentation rates or changes in methane fluxes. Thus,
numerical modeling of the solute profiles combined with knowledge of the sedimentation history
at a particular site can be used to constrain past changes in methane fluxes.

The concentrations of major and minor elements of seawater are informative of several in
situ diagenetic reactions that commonly occur in margin settings, including ion exchange, volcanic
ash alteration, microbial metabolic reactions, carbonate precipitation/dissolution, and silicate
weathering as well as deep-sourced fluid production through clay dehydration. In addition, the
concentrations of Li, K, and B are useful tracers of fluid-rock reactions and geothermometers, with
each having a specific range in threshold temperatures of partitioning into the solid or fluid.
Dissolved Si concentrations provide information on fluid-rock equilibria and fluid sources.

Noble gases preferentially fractionate upon entering the hydrate structure (Barrer and
Edge, 1967). Experimental studies have shown that heavier noble gases, such as Kr and Xe, are
preferentially incorporated into the hydrate structure while lighter noble gases are rejected
(Barrer and Edge, 1967) and may serve as a means of distinguishing methane released to the
ocean from hydrate dissociation (e.g. Hunt et al., 2013). Field-based studies to examine the
usefulness of this relationship on natural gas hydrate samples from Blake Ridge (Dickens and
Kennedy, 2000) and Hydrate Ridge (Winckler et al., 2002) have been plagued by contamination,
among other issues. However, the formation and dissociation of hydrate should measurably alter
the ratios of each of these gases in the expelled seep fluid, acting as a conservative chemical
tracer for gas hydrate dynamics.

The 2014 Field Program and Sampling

We conducted a 10-day research expedition on the R/V Thompson from 10-19 October 2014
to test whether there is active methane hydrate dissociation within the predicted depth range of
methane hydrate retreat from the numerical thermal propagation simulations based on the
historical record of bottom water warming along the upper continental slope of the Washington
margin (Hautala et al., 2014). An along-margin multi-beam sonar survey was conducted using a
Kongsberg EM 302 on the R/V Thompson from 48°N to 46°N (Figure 2). The survey focused on
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cataloguing bubble plumes between 470 — 520 meters below sea level (mbsl) to adequately capture
the upper limit of hydrate stability where methane hydrate should be dissociating in response to
bottom water warming (Hautala et al., 2014). We imaged 18 bubble plumes from 7 newly
discovered active seep sites within this predicted depth range (Figure 3). Plumes commonly rose
approximately 200 meters above seafloor, with at least one extending to within 50 meters of the
sea surface. A description of each of the seep sites including new seafloor bathymetry is provided
in Appendix I.

48°N 40’

1478

48°N 207

48°N

47°N 40°

47°N 20°

47°N

106°W -195°W 30° -195°W -124°W 30° -1248°W -123°W 30" -123°W -122°W 30" -122°W

Figure 2. Locations of sampled seep sites along the WA margin within the upper limit of methane
hydrate stability.

Twenty-two gravity cores and 20 CTD/hydrocasts were collected at active seep sites and
background locations for geochemical analysis. A summary of the locations of gravity core and
CTD deployments at each site is presented in Appendix I, and a full desciription of the subseafloor
temperature and thermal conductivity measurements is presented in Appendix Il. Gravity cores
(GC) were sectioned into 5-10 cm lengths immediately after recovery. Pore water was extracted
with titanium squeezers under hydraulic press and passed through disposable 0.45 pum syringe
filters before being portioned into sampling vials appropriate for various analyses. A 3 cm?®
sediment plug was collected from each pore water whole-round, and the sediment plug was placed
into a 20 cm® headspace vial that was pre-flushed with ultra-high purity N and filled with 10 ml
of degassed KCI solution and glass beads. After placing the sediment plug into the bottle, it was
capped with a butyl rubber stopper and sealed with an Al crimp cap and stored inverted until shore-
based analysis.

Analytical Methods

Salinity and alkalinity were measured immediately after pore water extraction by means of
optical refractometry and Gran titration with 0.1 M HCI, respectively. Chloride concentrations
were evaluated onshore via Mohr titration with silver nitrate and sample concentrations reported
are based on no fewer than duplicate analysis with a precision <0.2%. Concentrations were
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evaluated by comparison to International Association of Physical Sciences of the Ocean (IAPSO)
standard seawater. Pore water aliquots for sulfate analyses were portioned into centrifuge tubes
and preserved with a zinc acetate solution to precipitate any present sulfide as zinc-sulfide. These
samples were analyzed on a Metrohm 882 Compact lon Chromatograph with sample
concentrations compared to dilutions of IAPSO. The precision of sulfate analyses was <1.5%.

A

Figure 3. Multi-beam sonar images of (A) Site 2, (B) Site 4, and (C) Site 6.

Pore water oxygen and hydrogen stable isotope samples were preserved immediately on
board in flame-sealed 2-mL glass ampules. These samples were analyzed on a Picarro cavity ring-
down spectrometer water analyzer. Results are reported in standard 6 notation relative to Vienna
Standard Mean Ocean Water (VSMOW), where

8(%0) — [Rsample_ Rstandard] % 1000

Rstandard

and R represents the ratio of *0/*°0 and D/H ratios of samples and standards. The precision of
analysis of '°0 and 8D was <1.8% and <2.6%, respectively. Aliquots for analysis of the stable
carbon isotope ratio of dissolved inorganic carbon (§'*C-DIC) were first poisoned shipboard with
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mercuric chloride and analyzed via isotope-ratio mass spectrometry (IRMS) on a Delta V Mass
Spec/Gas Bench at Oregon State University. All stable isotope data is reported in the standard 6
notation relative to Vienna Pee Dee Belemnite (VPDB) with an analytical precision of <2.2%.

Pore water samples for major and minor elemental analysis were pre-acidified shipboard
with trace metal grade HNO3. Samples for major element analysis were prepared in a 1:100
dilution with a 1% HNO3 solution and measured via inductively-coupled plasma optical-emission
spectrometry (ICP-OES) on a Perkin-Elmer 8300 ICP-OES at the University of Washington.
Precision of the Ca, Mg, K, and Na analyses were <1%, <1%, <1.8%, and <2%, respectively.
Minor element analysis was performed at Oregon State University using a Leeman Labs Prodigy
ICP-OES. Samples were prepared as 1:20 and 1:100 dilutions using a 1% HNO3 solution. Precision
of Li, B, and Sr were <3%, <3.3%, and <1.8%, respectively.

The sediment headspace samples were analyzed for acetylene, n-butane, ethane, ethylene,
methane, methyl acetylene, propane, and propylene on an SRI 8610 gas chromatograph equipped
with a flame ionization detector. The headspace gas samples were passed through a Restek MXT-
1 pre-column and a Restek RT Alumina analytical column, and calibration was based on dilutions
of Air Liquide calibration gas standards. Only the n-alkane data is presented here. The percent
precision of the methane, ethane, propane, and n-butane analyses, based on repeated analysis of
multiple check standards was <2.5%. The accuracy of the analyses based on the percent difference
of the measured concentrations of multiple check standards was <3%. The detection limit for n-
alkanes was 0.3 ppmv and the quantification limit was 0.5 ppmv.

Water column samples for noble gas analysis were collected directly above active vent
locations during CTD/hydrocasts in an effort to capture the purest unaltered fluid. These samples
were sub-sampled under a vacuum and preserved in duplicate. The analysis of Ne, Kr, and Xe
were conducted at the University of Washington following the methods of Emerson et al. (1999).
Values presented here are percentages of in situ saturation for Ne, Kr, and Xe with respect to Ar.

Site Sample ID methane (ppmv) ethane (ppmv) propane (ppmv) n-butane (ppmv)
6 H200 9767 - - 0.90
2 H17 8036 - - <0.5
4 H118 6797 3.95 <0.5 <0.5
4 H120 6911 2.46 <0.5 <0.5
4 H122 7357 2.71 <0.5 <0.5
4 H138 7782 4.37 <0.5 <0.5
4 H139 4627 2.40 <0.5 0.70
4 H141 2880 1.85 <0.5 <0.5
5 H158 11447 3.36 0.7 <0.5
5 H160 12811 4.71 <0.5 <0.5
5 H162 22264 2.17 <0.5 <0.5
8 H273 4538 <0.5 <0.5 -

8 H275 9157 <0.5 <0.5 -
8 H286 6535 0.85 <0.5 -
8 H284 6708 0.44 <0.5 -

Table 1. Headspace methane, ethane, propane, and n-butane concentrations from gravity core pore water whole
rounds collected below the sulfate-methane transition zone at each site. Methane comprises >99% of the
hydrocarbons present at each of the seep sites. A dash indicates the component was not detected.
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Figure 10. Pore water Cl, alkalinity, SO4, Ca, Mg, K, and Na from Gravity Core 11 at Site 4. For location of
gravity cores at each site, refer to Appendix I.
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Figure 11. Pore water Cl, alkalinity, and SO, from Gravity Core 12 at Site 4. For location of gravity cores at
each site, refer to Appendix I.
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Figure 12. Pore water alkalinity and SO, from Gravity Core 13 at Site 4. For location of gravity cores at each

site, refer to Appendix I.
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Figure 13. Pore water alkalinity and SO4 from Gravity Core 14 at Site 4. For location of gravity cores at each

site, refer to Appendix 1.

Cl (mM) 5'*0 and 8D
0O 1(?0 290 390490 590 600 0.5 4 3 2 -1 Q
Tt [t e e S e = (Rt S {
50 1 R 50!
(=] =
@ @
o Qo
£ £
£100+ R <100
= £
g 8
150 1 R 150 |
———GC 16-5"0
200L = —cc1e i 200 =—==—GC16-8D

Figure 14. Pore water Cl, 30, and 8D from Gravity Core 16 at Site 4. For location of gravity cores at each
site, refer to Appendix I.
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Figure 15. Pore water alkalinity, SO,4, Ca, and Mg from Gravity Core 16 at Site 4. For location of gravity
cores at each site, refer to Appendix I.
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Figure 16. Pore water K, Na, Sr, B, Ba, and Li from Gravity Core 16 at Site 4. For location of gravity cores at

each site, refer to Appendix I.
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Figure 17. Pore water Cl, 50, 8D, §"°C-DIC, alkalinity, SO4, Ca, and Mg from Gravity Core 17 at Site 4. For
location of gravity cores at each site, refer to Appendix I.

92



K (mM) Na (mM) Sr (uM)

0.2.4.6 810121 40,100 200 300 400 500 0., 20 40 60 80 10
50/ 50| 50!
100/ 100, 100

Depth (cmbsf)
@
o

n
o
b S -
Depth (cmbsf)
@
o

n
o
o N
Depth (cmbsf)
@
o

200

n
o
o
N
14
o

250
300! 1 300 L =e—acC17 1 300" —GC 17 |
B (uM) Ba (nM) Li (uM)
00 2000 4000‘6000 8000 00 500 1000 1500 2000 00 10 20 30 40 50 60
50| 50| 50|
100 100 100

Depth (cmbsf)
8

Depth (cmbsf)
8

Depth (cmbsf)
@
o

g

n
a
o

250 250

300 L =w—GC 17 ] 300 L =—-—GC17 ] 300 =—e—GC17

Figure 18. Pore water K, Na, Sr, B, Ba, and Li from Gravity Core 17 at Site 4. For location of gravity cores at
each site, refer to Appendix I.
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Figure 19. Pore water Cl, alkalinity, and SO, from Gravity Core 22 at Site 5. For location of gravity cores at

each site, refer to Appendix I.
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Figure 20. Pore water Cl, 80, 8D, and "*C-DIC from Gravity Core 23 at Site 5. For location of gravity
cores at each site, refer to Appendix I.
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Figure 21. Pore water alkalinity, sulfate, Ca, Mg, K, and Na from Gravity Core 23 at Site 5. For location of
gravity cores at each site, refer to Appendix I.
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Figure 22. Pore water Cl, 810, 8D, K, Na, alkalinity, sulfate, Ca, and Mg from Gravity Core 24 at Site 5. For
location of gravity cores at each site, refer to Appendix I.
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Figure 23. Pore water Cl, K, Na, alkalinity, sulfate, Ca, and Mg from Gravity Core 26 at Site 6. For location of
gravity cores at each site, refer to Appendix I.
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Figure 24. Pore water Cl, alkalinity, and sulfate from Gravity Core 28 at Site 6. For location of gravity cores at
each site, refer to Appendix I.
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Figure 25. Pore water Cl, alkalinity, and sulfate from Gravity Core 29 at Site 6. For location of gravity cores at
each site, refer to Appendix I.
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Figure 26. Pore water Cl, %0, 8D, 8**C-DIC, alkalinity, sulfate, Ca, and Mg from Gravity Core 31 at Site 6.
For location of gravity cores at each site, refer to Appendix I.
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Figure 27. Pore water K, Na, Sr, B, Ba, and Li from Gravity Core 31 at Site 6. For location of gravity cores at
each site, refer to Appendix I.
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Figure 28. Pore water alkalinity and sulfate from Gravity Core 33 at Site 8. For location of gravity cores at
each site, refer to Appendix I.
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Figure 29. Pore water Cl, 50, 8D, and '*C-DIC from Gravity Core 34 at Site 8. For location of gravity
cores at each site, refer to Appendix I.
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Figure 30. Pore water alkalinity, sulfate, Ca, Mg, K, and Na from Gravity Core 34 at Site 8. For location of
gravity cores at each site, refer to Appendix I.
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Figure 31. Pore water Cl, 510, 8D, K, Na, alkalinity, sulfate, Ca, and Mg from Gravity Core 36 at Site 8. For
location of gravity cores at each site, refer to Appendix I.
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Figure 32. Pore water Cl, 50, 8D, alkalinity, and sulfate from Gravity Core 37 at Site 9. For location of
gravity cores at each site, refer to Appendix I.
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Figure 33. Pore water 30, 8D, alkalinity, sulfate, Na, K, Ca, and Mg from Gravity Core 38 at Site 9. For
location of gravity cores at each site, refer to Appendix I.
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Results

In the preceding figures, we present the geochemical results from all the sites cored, but
in the subsequent discussion we focus on three of the seven studied seep sites characterized by
chloride concentrations lower than seawater value. Sites 2 and 4 display unique pore water
geochemistry indicating deeper-sourced fluid advection. Site 6 is characterized by upward pore
water advection but from much shallower depths than Sites 2 and 4. We further discuss data
from background locations for comparison of geochemical data.

Site 2 — Soft Sediment Mud Mound

Site 2 is a soft sediment mound surrounded by authigenic carbonates and chemosynthetic
communities within the MHSZ at a depth of 520 m. Two cores recovered from the location of
active venting at Site 2 are discussed here. GC 4 was taken at a depth of 521 mbsl and had the
greatest penetration with 170 cm total core recovery. GC 5 was taken adjacent to GC 4 at a water
depth of 519 m and penetrated 105 cm into the sediment. The upper 15 cm was fluid-dominated
with a moussey-texture and subsequently lost upon recovery on board, leaving a total of 90 cm of
core to process for chemistry.

Pore water from these cores show significant freshening downcore (Figures 4-7). The Cl
depletions correspond to a 35% dilution of seawater in GC 4 and a 65% dilution in GC 5. The
sulfate-methane transition zone (SMTZ) generally occurs between 50-100 cmbsf. Alkalinity
inversely mirrors these sulfate concentration-depth profiles. Oxygen isotope values become more
positive with depth while 8D values simultaneously become more negative by as much as 3%. for
GC 4 and 5%o for GC 5. §**C-DIC values for GC 4 decrease to a minimum value of -10.68%o at
the SMTZ, then increase to a maximum value of +21.52%o at the base of the core. Due to the loss
of the top 15 cm of GC 5, a potentially similar initial lightening trend in 8*3C-DIC values is lost
though the same positive increase in the carbon isotope ratio is present.

Each of these cores show depleted K concentrations with depth. The most significant
decrease in concentration is seen in GC 5, where concentrations decrease to 77.8% less than
seawater within 1 m. Magnesium concentrations decrease dramatically in both GC 4 and GC 5 to
minimum values of 15.2 mM and 2.5 mM, respectively. These equate to a 71.9% dilution from
seawater value in GC 4 and a 95.2% dilution in GC 5. Alternatively, Ca concentrations generally
increased in both cores. GC 4 Ca concentrations decrease slightly in the upper 60 cm, then increase
to 18 mM by 170 cmbsf, or a 72% total increase from seawater values. Calcium concentrations in
GC 5 did not show this same kink, potentially due to the loss of the upper portion of the core, and
increased to a maximum concentration of 28.7 mM.

Measurements of water column samples collected directly above active venting at Site 2
show a Ne/Ar ratio greater than background. Kr/Ar and Xe/Ar values are both lower than
background values (Figure 34).

Site 4 — Pockmark Location

Site 4 is a location of active venting just shallower than the upper limit of the MHSZ
between 473 and 489 m water depth. Plumes at this location emanate from within a 120-meter
wide, 20 m deep pockmark bifurcated by extensional faults and authigenic carbonate is scattered
throughout the area. Pore water data from two gravity cores are discussed here.

GC 16 and 17 were acquired adjacent to each other within the pockmark at a water depth
between 470 and 480 meters. Recovery for GC 16 was 178 cm while the recovered length of GC
17 was 262 cm. Several gas pockets were seen in this latter core, with each pocket measuring 2
to 10 cm in length within the core liner. Pore water Cl concentrations for both cores are notably
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Figure 34. Plotted noble gas ratios represent the percent in situ saturation of Ne/Ar, Kr/Ar, and Xe/Ar.
Site 2 samples are plotted as an “X”, open circles are Site 4, open squares are site 6, and filled diamonds
are all other sampled sites.

depleted downcore by 34% for GC 16 and 58% for GC 17 with respect to seawater (Figures 15-
18). The SMTZ depth for GC 16 is approximately 80 cmbsf, whereas SO4* concentrations in GC
17 decrease to <1 mM at 55 cmbsf then increase to above 1 mM at 67 cmbsf before persisting at
<1 mM concentrations below 127 cm. This pattern is reflected in the alkalinity data for GC 17.

Stable oxygen and hydrogen isotopes become lighter with depth in both cores. 8D for GC
17 becomes -7%o lighter over the 2.6 m core length. *3C-DIC values for GC 17 reach a
minimum value of -17.4%o at 55 cmbsf. These isotope ratios become increasingly positive over
the rest of the core. This inflection point from increasingly negative to increasingly positive
values begins at the same depth when SO,* concentrations first decrease below 1 mM.

Potassium concentrations in GC 16 show a minimal decrease of 14% compared to
seawater, and a 51% decrease in GC 17, the latter being approximately equal to the percent
dilution seen in CI concentrations. Magnesium concentrations decrease dramatically in both
cores, by 63% for GC 16 and 83% for GC 17, each greater than the CI decrease and resembling
the Mg decrease seen in Site 2 cores. Unlike Site 2 cores, Ca concentrations decrease from near
seawater values at the surface to less than 1 mM at depths below 116 cm where SO,
concentrations also decrease to below 1 mM. Ratios of Ne/Ar, Kr/Ar, and Xe/Ar are all within
the error of the measurements (Figure 34).

Site 6 — Astoria Canyon

Site 6 is the southernmost site surveyed during this cruise. Plumes at this site emanated
from the walls of Astoria Canyon at depths between 484 and 504 m. These plumes are within the
depth range of predicted retreat of the MHSZ. Cores recovered from site 6 contained disseminated
authigenic carbonates and exhibit pore water chemistry representative of the majority of seeps that
were sampled on this cruise except sites 2 and 4.

As a representative core, GC 31 displays little pore water freshening, with the largest
deviation in CI concentrations from standard seawater of only 4.4% (Figures 26-27). Sulfate
concentrations decrease from 26 mM at the surface to less than 1 mM at 35 cmbsf. These SO4*
concentrations are mirrored by an opposite trend in alkalinity, which increases before decreasing
below 35 cm. Unlike sites 2 and 4, the 5'®0 and 8D values are relatively constant with depth
(Figure 26). 8*3*C-DIC values become lighter within the upper 15 cm before becoming heavier with
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depth to a maximum value of +18.99%.. This inflection point is approximately 20 cm shallower
than the SMTZ.

Pore water potassium concentrations are slightly elevated compared to average seawater.
Magnesium concentrations are less than seawater at the surface of the core and decrease with depth
by 7.9 mM. This decrease is greater than the observed dilution seen in Cl values. Calcium
decreases from 8.9 mM at the top of the core and decrease to a minimum concentration of 2.2 mM
at 50 cm before increasing slightly to 3.0 mM by 215 cmbsf. The Ne/Ar value for this site is less
than background values (Figure 34). Kr/Ar and Xe/Ar values are slightly elevated from
background values but within the error of the analyses.

Non-Steady State Profiles

Sulfate profiles from several sites have kinks that are indicative of non-steady state behavior. GC
10 from Site 2 (Figure 35), cored in between GC 4 and GC 5, shows minimal decrease in SO4*
concentrations in the upper 40 cm before decreasing rapidly to <1 mM; the concave-down shape
of the profile indicates fluid advection. At site 8, GC 36 sulfate concentrations are variable with
several kinks in the profile. The sulfate profile for GC 38 from site 9 is S-shaped, with two maxima
and two minima in concentration. GC 36 and 38 were specifically taken away from active seeps
to serve as references for background chemistry at Sites 8 and 9, respectively.
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Figure 35. Examples of non-steady state pore water sulfate profiles. The profiles above are just a subset
of those profiles that exhibit non-steady state conditions. GC 10 is from Site 2, GC 36 is from Site 8,
and GC 38 is from Site 9. Gray dashed lines indicate seawater concentration.

Discussion

The goal of this study was to evaluate whether there is geochemical evidence for
contemporary methane hydrate dissociation at the upper edge of stability along the Washington
margin in response to bottom water warming along the upper continental slope over the past 40
years (Hautala et al., 2014; Johnson et al., 2015). Multi-beam acoustic imaging and pore water
geochemistry results presented here confirm that areas of active fluid and gas discharge are indeed
present on the WA margin at the predicted upper limit of methane hydrate stability. However,
authigenic carbonate minerals both disseminated and as nodules were sampled at Sites 2, 4, and 6,
suggesting that these are long-lived seep systems. Likewise, the geochemical analyses of pore fluid
show that each seep site is likely fed by a variety of fluid sources. However, the gas composition
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at each site was >99% methane, suggesting any gas hydrate present at these sites would be
Structure 1 methane hydrate (Table 1).

Pore water chemical profiles varied strongly along the margin with different fluid sources
contributing to observed discharge at the sampled seeps. At site 2, vigorous venting and strong
depletion of CI concentrations with respect to seawater indicate some process is actively adding
fluid and gas to the system. If dissolution of methane hydrates were contributing to this signal
there should be an increase in both 8*20 and 8D as the heavier isotopes are released from the
hydrate structure in addition to this Cl anomaly. Instead, 5'®0 values increase and 5D values
decrease. This is the geochemical signal expected for the dehydration of clay minerals at depth
(Figure 1). The process of clay dehydration releases fresh water, heavy oxygen isotopes, and light
hydrogen isotopes.[26] Smectite is a dominant clay mineral on the Cascadia margin (Underwood,
2007) and begins to dehydrate at approximately 60°C (Pytte and Reynolds, 1989; Kastner et al.,
2014) with peak fluid production from the smectite-illite transition occurring between ~80-150 °C
(e.g. Saffer and Tobin, 2011), suggesting that the fluid sampled from this seep is sourced at a
temperature of at least 60°C. Indeed, the strong depletion in potassium in the fluids sampled at Site
2 in comparison to the other seeps sampled in this study suggests fluid production from the
smectite-illite transition. We applied chemical geothermometers, including stable oxygen and
hydrogen isotopes (Yeh, 1980; Capuano, 1992; Sheppard and Gilg, 1996), Mg/L.i ratios (Kharaka
and Mariner, 1989), and Na/Li ratios (Fouillac and Michard, 1981), to bracket the temperature of
deeper-sourced fluid production at this site between 70-150°C. This temperature range is well
within the range of peak smectite to illite transition (Kastner et al., 1991). The significantly
increased Ca and decreased Mg in pore water further suggest volcanic ash alteration along the fluid
flow path or incongruent weathering of detrital silicates.

The increase in Ne/Ar and decrease in Kr/Ar and Xe/Ar within the site 2 sample suggests
that methane hydrate may be forming at this location. Methane hydrate preferentially incorporates
Kr and Xe into the lattice structure and excludes Ne. When hydrate is forming within the pore
spaces of sediment, the gas will become enriched in Ne and depleted in Kr and Xe with respect to
background values. Based upon these relationships, the water collected from site 2 shows a signal
of methane hydrate formation below the surface. This site is located within the predicted MHSZ,
but only the upper few meters of the sediment column are within the stability field with respect to
hydrate. Indeed, the upper 15 cm of several of the sediment cores had a moussey-texture, indicative
of the presence of methane hydrate in situ, that dissociates during core recovery. This indicates
that advection of the deep-sourced fluid carrying methane promotes active methane hydrate
formation in the very shallow subsurface at this site. Though this was unexpected, given that the
seep was just inside the methane hydrate stability field, it is a reasonable outcome at this particular
site.

Pore water from site 4 displays similarly strong variations from background seawater
composition. As in site 2 cores, fluid at this seep was significantly fresher than seawater. Unlike
what would be expected for clay dehydration or gas hydrate dissociation, 50 and 3D values
become lighter with depth. This relationship in conjunction with decreased chloride concentrations
suggests that at least some component of the fluid emitted may be from a meteoric source. This
submarine groundwater discharge may be modern or relict from the last glacial maximum or other
Quaternary glaciations. The modern local meteoric water line (LMWL) for the Olympic Peninsula
of WA (Sidle and Cvetic, 2011) is the closest resource available to compare the pore water isotope
values to regional meteoric groundwater. If the fluid sampled at Site 4 is from a purely meteoric
source originating on the Olympic Peninsula the isotope ratios would be significantly more
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negative than the observed values and should be consistent with the LMWL (Sidle and Cvetic,
2011) Therefore, the fluid feeding this seep must be mixed with at least one other fresh water
source in order to create a positive shift in the oxygen and hydrogen isotope values with respect to
the LMWL. At the time of this writing we are not aware of studies that have found meteoric
groundwater discharge on the upper slope of the WA margin. However, Michael et al. (2016) posit
that it is likely there is more fresh groundwater discharge further offshore along continental
margins than currently budgeted. Collectively, the pore water composition suggests the other
component of fresh water is from clay dehydration at depth (Table 1). This deeper-sourced fluid
is the dominant component of fresh water and potentially mixes with the meteoric water source
along the two faults that bisect this seep location. Based on the data, we cannot rule out a minor
component of methane hydrate dissociation at this site, but, if present, it was not enough to impact
the noble gas ratios of the seeping fluid. This is in contrast to the signature in the bottom water
noble gas ratios related to methane hydrate precipitation at Site 2.

Evidence of
SMTZ depth Deep Fluid
Site Depth (mbsl)  In/Out MHSZ (cmbsf) Source?
2 520 In 50-100 Yes
4 473-489 Out 80-127 Yes
6 484-504 Out 35 No

Table 2. Compilation of seep site, water depth in meters below sea level, whether the seep is inside or
outside of the MHSZ, the SMTZ depth within gravity cores, and whether fluid emitted at this location
is dominantly from a deep source.

Pore water chemistry from GC 31 recovered at Site 6 is more representative of the majority
of cores collected at the other sites. In sharp contrast to cores from sites 2 and 4, chloride
concentrations do not deviate by more than 4.4% from seawater concentrations. In addition, pore
water 820 values remain fairly constant with depth and 8D values increase slightly by 1.4%.. This
is the only site where noble gas ratios indicate hydrate dissociation (Figure 5), however the values
fall within the uncertainty of the measurements. Thus, the combination of these data provide no
clear signal of gas hydrate dissociation feeding these bubble plumes.

Though the geochemistry varies widely by location, and even among cores from the same
site, some observations remain consistent. The kinks in sulfate profiles observed at multiple seeps
and at background locations show that non-steady state behavior is pervasive along the margin,
though the variation in profile shapes suggests that the processes responsible for creating each
profile are not necessarily the same. The upper portion of the sulfate profile for GC 10 (Figure 8),
GC 16, and GC 17 (Figure 15-18), could be due to rapid sedimentation events that quickly buried
seawater, thus accounting for the near constant seawater values. Another potential explanation for
this linearity could be from shallow bubble irrigation circulating seawater through the upper ~20-
50 cm of the sediment column.

Pore water §"3C-DIC from these three seep locations show the same pattern of increasing
ratios with depth. This trend indicates that these seeps are fed by a methane source where a
significant fraction of the CO, produced through fermentation has been reduced to produce CHa.
Methanogens preferentially metabolize lighter carbon out of the available carbon pool thereby
making the residual carbon pool heavier over time. In order for biological production to make the
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pool as heavy as +30%o at sites 2 and 4, specifically, the system would need to be closed for some
time and likely deep. This lends support to the conclusion that deep-sourced fluids are being
advected to the surface at sites 2 and 4 (Table 2).

The majority of noble gas ratios cluster within the noise of the analysis with the exception
of one sample that indicates methane hydrate precipitation at Site 2. It is likely we would have
seen clearer results with in situ sampling of interstitial water or more direct sampling of vent gases
via an ROV. Future work is needed to test the feasibility of noble gas fractionation as a tracer of
gas hydrate dynamics.

Conclusions

Hautala et al. [7] showed that bottom water has been warming on the upper slope of the
WA margin over the last 40 years. The authors projected that a sizable quantity of methane hydrate
at the upper limit of the MHSZ may be destabilized and released into the sediment and water
columns in direct response to this contemporary warming. The current investigation sought to
directly test these model results through the sampling of geochemical tracers of methane and
methane hydrate dynamics. The results show no strong signal of methane hydrate dissociation at
seep sites within the predicted depth interval of contemporary methane hydrate dissociation based
on bottom water warming. There is, however, an abundance of active fluid and gas seepage along
the entire span of the WA slope at the predicted upper limit of hydrate stability that are fed by a
variety of fluid sources. While methane hydrate dissociation may be occurring today, it is not the
most dominant signal seen in cores from the sampled seeps.

Various potential reasons may exist for why we did not see a clear signal of methane
hydrate dissociation. Our sampling mainly focused on locations of active venting within the
predicted depth range of the MHSZ with collection of only a few background cores. In this regard,
we may have captured only well-developed, long-lived seeps. The presence of authigenic
carbonate at some of the seeps supports this possibility. It is also possible that the concentration of
methane does not reach saturation with respect to hydrate within the methane hydrate stability field
at the upper edge of stability at these seep sites. However, with the evidence of components of
deep-sourced fluid feeding various seeps it is unlikely that methane is undersaturated with respect
to hydrate formation in the shallow sediment column. Thus, at the seep sites, any signal of methane
hydrate dissociation is diluted by other fluid sources. Outside of seep sites, methane concentrations
may not be at methane hydrate saturation within the methane hydrate stability zone near the upper
limit of stability. Most modeling studies of microbial methane production predict the first
occurrence of methane hydrate at depths greater than 20 mbsf. This is also likely the case for the
Washington margin outside of active seep sites. This would suggest that methane hydrate did not
exist within the depth range of the predicted downslope retreat of the methane hydrate stability
field over the past 40 years (Hautala et al., 2014). However, if long-term bottom water warming
persists into the future, the upper limit of the methane hydrate occurrence zone would begin to
dissociate.

While the present study did not find unequivocal evidence of hydrate dissociation as the
main driver of fluid and gas discharge at these seep locations, it is clear the WA margin is host to
a dynamic biogeochemical system that requires further study to better inform our understanding
of fluid movement through active margins, the significance of methane hydrate dynamics to
marine biogeochemical systems, and the response of mid-latitude methane hydrate reservoirs to
past and present bottom water warming.
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CONCLUDING REMARKS

This project constitutes one of the first field programs focused on the response of a methane
hydrate system at the upper limit of gas hydrate stability to environmental change outside the
Arctic environment. Using detailed pre-expedition analysis and modeling of archive and recently
collected data, we (1) provided an inventory of bottom simulating reflectors and methane hydrate
along the Washington margin, (2) provided a characterization of temporal variations in bottom
water temperature (both short and long-term) at the upper continental slope, and (3) estimated how
the upper limit of methane hydrate stability responds to this long-term environmental change. Our
systematic geophysical and geochemical field survey of methane seepage along the upper
continental slope provided: (1) a margin-wide characterization of seep sites and their relationship
to the up-slope limit of hydrate stability, and (2) a rigorous geochemical evaluation of the origin
of methane emissions as dissociating hydrates.

The primary results of this project are:

1. Bottom simulating reflector-derived heat flow values decrease from 95 mW/m? 10 km east
of the deformation front to ~60 mW/m? 60 km landward of the deformation front, with
anomalously low values of ~25 mW/m? on a prominent mid-margin terrace off central
Washington.

2. The temperature of the incoming sediment/ocean crust interface at the deformation front
ranges between 164-179 °C off central Washington, and the 350 °C isotherm at the top of
the subducting ocean crust occurs 95 km landward of the deformation front. Differences
between BSR-derived heat flow and modeled conductive heat flow suggest mean upward
fluid flow rates of 0.4 cm/yr across the margin, with local regions (e.g. fault zones)
exhibiting fluid flow rates up to 3.5 cm/yr.

3. A compilation of 2122 high-resolution CTD, glider, and Argo float temperature profiles
spanning the upper continental slope of the Washington margin from the years 1968 to
2013 show a long-term warming trend that ranges from 0.006-0.008 °C/yr. Based on this
long-term bottom water warming, we developed a 2-D thermal model to simulate the
change in sediment temperature distribution over this period, along with the downslope
retreat of the methane hydrate stability field. Over the 43 years of the simulation, the
thermal disturbance propagated 30 m into the sediment column, causing the base of the
methane hydrate stability field to shoal ~13 m and the upper limit of stability in the
sediments to move ~1 km downslope.

4. A preliminary analysis of seafloor observations and mid-water column acoustic data to
detect bubble plumes was used to characterize the depth distribution of seeps along the
Cascadia margin. These results indicate high bubble plume densities along the continental
shelf at water depths <180 m and at the upper limit of methane hydrate stability along the
Washington margin. This analysis, however, was based on a limited archive dataset and
additional analysis of new and other sources of archive single- and multi-beam sonar data
IS needed to test these results.

5. The goal of the 2014 research expedition on the R/V Thompson was to test whether there
is active methane hydrate dissociation along the upper continental slope of the Washington
margin in response to contemporary warming. Sampling focused on the depth range of
simulated retreat of the methane hydrate stability field based on the record of bottom water
warming. The majority of the seeps cored during the field program contained abundant
authigenic carbonate indicating that they are locations of long-lived seepage rather than
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emergent seep systems related to contemporary methane hydrate dissociation. Despite the
evidence for enhanced methane seepage at the upper limit of methane hydrate stability
along the Washington margin, we found no unequivocal evidence for active methane
hydrate dissociation as a source of fluid and gas at the seeps surveyed. The pore fluid and
bottom water chemistry shows that the seeps are fed by a variety of fluid and methane
sources, but that methane hydrate dissociation, if occurring, is not widespread and is only
a minor source (below the detection limit of our methods).

6. Reasons for a lack of a geochemical signal of active methane hydrate dissociation in
response to bottom water warming along the Washington margin include: 1) the flux of
fluid and methane associated with this source is diluted by the other fluid sources, 2) at the
high upward fluid advection rates observed at many of the seep sites, any signal of gas
hydrate dissociation at the seeps (though localized and small in magnitude compared to the
reservoir disseminated in margin sediments outside of the seeps) would have been flushed
out of the system over the past few decades, 3) methane concentrations in the sediment
column outside of active seep sites do not reach saturation with respect to methane hydrate
within the narrow pressure-temperature window for methane hydrate stability at the
feather-edge, thus methane hydrate did not occur in the depth interval of methane hydrate
stability zone retreat over the past few decades.

Collectively, these results provide a significant advance in our understanding of the thermal
structure of the Cascadia subduction zone and the fluid and methane sources feeding seeps along
the upper continental slope of the Washington-sector of the Cascadia margin. This detailed study
of a mid-latitude margin that is susceptible to modern environmental change is relevant to recent
priorities for research focused on documenting the stability of methane hydrate systems outlined
by the scientific community (e.g. IODP Science Plan for 2013-2023, Building US Strategies for
2013-2023 Scientific Ocean Drilling workshop report, COL/NETL Methane Hydrate Field
Program workshop report). Though we did not find unequivocal evidence for methane hydrate
dissociation as a source of water and methane at the upper pressure-temperature limit of methane
hydrate stability at present, continued warming of North Pacific Intermediate Water in the future
has the potential to impact the methane hydrate reservoir in sediments at greater depths along the
slope. Thus, this study provides a strong foundation and the necessary characterization of the
background state of seepage at the upper limit of methane hydrate stability for future investigations
of this important process.
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APPENDIX I: SEEP SITES IDENTIFIED AND SAMPLED DURING RESEARCH
EXPEDITION

In this appendix, we present the EM 302 multibeam bathymetry collected at each of the survey
sites on the R/V Thompson along with the locations of gravity core and CTD deployments at each
site. Archive pore water and water column samples are preserved and housed in Dr. Evan
Solomon’s laboratory at the University of Washington, and available to the broader research
community.
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Bubble plume locations

ID
2A_1
2A 2
2B
2C

Site 2 - Gravity core locations

ID
GC4
GC-5
GC-6
GC-7
GC-8
GC-9

GC-10

Site 2 - CTD cast locations

ID
CTD-4
CTD-5
CTD-6

Lat
47.9295
47.93003
47.91535
47.91428
3 47.93886

Lat

47.9299
47.92961
47.9143
47.9143
47.938862
47.9299
47.929733

Lat

47.92926
47.93434
47.92954

Long depth
-125.64 -519
-125.641  -528.4
-125.637  -521.4
-125.635  -523.6
-125.631  -510.9

Long
-125.6406
-125.640218
-125.6346
-125.634
-125.630818
-125.6406
-125.640443

Long
-125.6399
-125.64036
-125.63988
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Site 4 - Bubble plume locations

ID Lat Long
4A 47.844161 -125.25049
4B 47.844056  -125.249547
4C 47.845644 -125.2436
4D 47.843042 -125.24404
4E 47.842631 -125.24433
47.8295 -125.319
47.8214 -125.3223
Site 4 - Gravity core locations
ID Lat Long
GC-11 47.8442 -125.2497
GC-12 47.8441 -125.2495
GC-13 47.8426 -125.2444
GC-14 47.8431 -125.2442
GC-15 47.8457 -125.2437
GC-16 47.84547 -125.24331
GC-17 47.8455 -125.24335
GC-18 47.84563 -125.24316
GC-19 47.8456 -125.24317
GC-20 47.84561 -125.24311
Site 4 - CTD Cast Locations
ID Lat Long
CTD-7 47.84564 -125.24352
CTD-8 47.84566 -125.24331
CTD-9 47.84404 -125.25053
CTD-10 47.8481 -125.2502
CTD-11 47.84528 -125.24276
CTD-12 47.84492 -125.24244
CTD-13 47.84328 -125.24223

Depth
-470.1
-468.2
-481.2
-472.7
-471.8
Eastern Pockmark
Western Pockmark
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Site 5 - Bubble plume locations
ID Lat Long
Plume5 47.523433  -125.00816

Site 5 - Gravity core locations
ID Lat Long
GC-21 47.52337 -125.00808
GC-22 47.52339 -125.00802
GC-23 47.52336 -125.00783
GC-24 47.52345 -125.0078
GC-25 47.52333 -125.00781

Site 5 - CTD Locations

ID Lat Long
CTD-14 47.52343 -125.0079
CTD-15 47.52345 -125.00791

Depth
-485.1
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Site 6 - Plume locations

ID Lat Long Depth (m)
6A 46.222628 -124.65452 -484.6
6B 46.222155 -124.65676 -504.6

6C 46.2232556 -124.65375 -499
6D 46.2103167 -124.65689  -497.1

Site 6 - Gravity core locations

ID Lat Long
GC-26 46.22254 -124.65491
GC-27 46.22217 -124.65681
GC-28 46.22323 -124.65382
GC-29 46.21033 -124.65693
GC-30 46.2222 -124.6563
GC-31 46.22261 -124.65494
GC-32 46.22264 -124.65496

Site 6 - CTD locations
ID Lat Long
CTD-16 46.22264 -124.65501
CTD-17 46.22225 -124.65688
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Site 7 - Plume locations, note we did not collect gravity cores and CTD casts at this site

ID

Plume 7a
Plume 7b
Plume 7c¢
Plume 7d

Lat
46.47822
46.40784
46.35819
46.31938

Long
-124.538122
-124.580719
-124.615147
-124.647142

Depth

487
500
306
496

line #

132
131
130
129
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Site 8 - Plume locations

ID Lat Long
8A 47.184347 -125.00562
8B 47.184067 -125.00599

Site 8 - Gravity core locations
ID Lat Long
GC-33 47.1847 -125.0054
GC-34 47.1844 -125.0055
GC-35 47.1881 -125.00181
GC-36 47.18808 -125.00179

Site 8 - CTD locations
ID Lat Long
CTD-18 47.18436 -125.00535
CTD-20 47.18479 -125.00545

Depth
-485.1
-485.8
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Site 9 - Plume locations
ID Lat
9A 47.2562
9A 47.25632
9B 47.25374
9C 47.25779

Long

-125.030283
-125.029922
-125.034283
-125.029278

Site 9 - Gravity core locations

ID Lat
GC-37 47.25386
GC-38 47.25313
GC-39 47.25315

Site 9 - CTD cas location
ID Lat
CTD-19 47.25389

Long
-125.03425
-125.03445
-125.03443

Long
-125.03431

Depth
-466
-465
-490
-472
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APPENDIX II: HEAT FLOW DATA FROM RESEARCH EXPEDITION

Overview

Heat flow measurements were collected on TGT313 using a combination of piston and gravity
cores with outriggers able to hold Antaries thermistors securely attached to the outside of the core
barrel. Heat flow was determined by knowing the length of the core, temperature sensor (outrigger)
position along the core length, and sediment thermal conductivity determined on board the ship
with a needle thermal conductivity probe. While deploying the gravity or piston cores for heat flow
measurements, the core was hung for 5 minutes above the seafloor and then deployed into the
sediments for 20 minutes to allow the thermistors to come into equilibrium with the geothermal
gradient. Heat flow was calculated by finding the slope of a Bullard plot, which consists of thermal
resistance plotted against temperature.

During TGT-313, cores with temperature outriggers were deployed at 6 gravity core locations
offshore and two deployments of a piston core off North Seattle.

Washington Margin Piston/Gravity Cores
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Name | Type of Date Latitude Longitude Depth Comments
Core (meters)

GC-20 | Gravity | 10/14/2014 | 47.84561 | -125.24311 490 No sensors penetrated sediments

GC-25 | Gravity | 10/15/2014 | 47.52333 | -125.00781 495 No sensors penetrated sediments
Core bounced off seafloor

GC-32 | Gravity | 10/16/2014 | 46.22264 | -124.65496 490 3 of 6 sensors entered the
sediments

GC-35 | Gravity | 10/18/2014 | 47.1881 | -125.00181 497 No sensors penetrated sediments

GC-36 | Gravity | 10/18/2014 | 47.18808 | -125.00179 496 5 of 6 Sensors in sediment
Background location ~170m from
GC-35

GC-39 | Gravity | 10/19/2014 | 47.25315 | -125.03443 498 6 Sensors in sediment

Temperature records

Example of fully inserted core temperature profile:

Thermal Profile: GC39

Temperature (deg C)
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Example of partially inserted core temperature profile:

Temperature (deg C)
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Thermal Profile: GC32
T
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Example of a failed insertion temperature profile:

Thermal Profile: GC25
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Temperature (deg C)
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Geothermal gradient for gravity cores GC32 (left) and GC36 (right):

GC32: Raw core temperature
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Thermal Conductivity measurements exist for the following gravity cores:

Core Name | Depth | Thermal Conductivity | RMSE
(cm) (W/m/K) (W/m/K)

GC35 47 0.92 | 0.0002

GC35 100 1.1 | 0.0002

GC32 24 1.5 | 0.0007

Depth of each measurement is from the bottom of the collected core upwards.

Heat Flow

Of the six gravity cores rigged for heat flow measurements, three bounced off the hard
ground, failing to collect a geothermal gradient. Sediment thermal conductivity was collected
from one of the three successful cores (GC-32) providing enough data to calculate a heat flow

5.85
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values of -206 mW/m?. Gravity core 36 did not have any thermal conductivity measurements
but GC-35, 170m away did have one measurement and was used to calculate a heat flow of -

263mW/m?.
Variations in bottom water temperature due to seasonal storms or shifting currents that

propagate warmer temperature into the sediment likely explain the measured negative heat flow.
Without a long-term seafloor temperature record, we cannot rule out other environmental factors

that could lead to abnormally low heat flow.

GC 32 Heat Flow: -0.263 W/m?
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Puget Sound Piston Cores

Two cores were collected with the Puget Sound with the goals of testing the piston core system
and to collect a heat flow measurement in a heavily sediment location.

Name | Type Date Latitude | Longitude | Depth Comments
of Core (meters)

PC1 Piston | 10/10/2014 | 47.7242 | 122.4204 208 5 Sensors in sediment

PC2 Piston | 10/28/2014 | 47.7242 | 122.4204 208 5 Sensors in sediment

Temperature Record

(Below) PC1 Temperature record over time

Temperature

PC #1 Temperature profile
T T
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(below) The thermal gradient for both Piston Core deployments

Raw core temperatures - PC 1
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The thermal conductivity was sampled at fairly high intervals within the long piston cores. The
low thermal conductivity argues for low consolidation and high porosity within the Puget Sound
sediments. Data within this graph can be found in the tables below.

Core Depth Thermal RMSE
Name (cm) Conductivity (W/m/K)
(W/m/K)

PC-1 64 0.67 0.00001
PC-1 162 0.829 0.0002
PC-1 129 0.72 0.0002
PC-1 275 0.74 0.0001
PC-1 380 0.91 0.0005
PC-1 473 0.76 0.0001
PC-1 576 0.74 0.0001
PC-1 167 0.68 0.0002
PC-1 232 0.87 0.0002
PC-1 337 0.77 0.0001
PC-1 460 0.75 0.0002
PC-1 471 0.76 0.0001

See map above for location, marked PCL1.
Deviations in the bottom water temperature variations brought on by seasonal changes in the

Puget Sound circulation can potentially alter the geothermal gradient. To account for this, more
than 10 years of monthly CTD based temperature at station LSNTO1 (Fauntleroy/VVashon) were

downloaded from the Puget Sound Marine Monitoring department within King County,

1.1.

Core Depth Thermal RMSE
Name (cm) | Conductivity | (W/m/K)
(W/m/K)
PC-2 173 0.65 0.0001
PC-2 108 0.68 0.0001
PC-2 494 0.84 0.0001
PC-2 312 0.67 0.0001
PC-2 393 0.68 0.0001
PC-2 569 0.85 0.0001
PC-2 672 0.78 0.0001
PC-2 703 0.74 0.0001
Heat Flow

Washington (http://green2.kingcounty.gov/marine/Monitoring/OffshoreCTD). The LSNTO01
CTD station was specifically used as it had the longest continuous data and based on comparison
with other stations, the monthly temperature swings were roughly consistent within the Puget
Sound Basin and are appropriate to use for correcting heat flow data slightly north. This CTD
data was subsampled to only the deepest temperature measurement on the downcast at roughly

197 m water depth.
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The bottom water temperature record was propagated into the sediment using the thermal
conductivity from the Piston cores. The resulting thermal gradient was then removed from the

Piston core data to prove a ‘corrected’ heat flow value.

Core Name | Thermal Uncorrected | Corrected
Gradient Heat Flow Heat Flow
(°C/m) (W/m?) (W/m?)

PC1 0.0096 -2.9 -10.73

PC2 0.0178 14.62 -13.2

As the corrected heat flow shows consistently negative heat flow, it appears the water correction
didn’t account for varying temperature well enough. The low seafloor temperature sampling rate
could potentially be low enough to thwart this correction effort and higher seafloor temperature
sampling rate could distinguish sub-monthly temperature swings not resolved in this data.

The uncorrected PC2 heat flow measurement appears to be moderately close to the roughly 20
mW/m? background geothermal gradient for this area due to the subduction zone geometry. The

uncorrected PC1 measures roughly 0 mW/m? heat flow.

Washington Margin BSR derived Heat Flow

To provide another view on the offshore heat flow along the Washington Margin, we
analyzed the total of 74 Multi-Channel Seismic lines provided by Western-Geco. The data was
acquired from USGS National Archive of Marine Seismic Surveys.

Heat flow was calculated by tracing the Bottom Simulating Reflectors (BSRs), which
represent a thermal boundary that marks the transition from methane hydrate to gas transition.
The temperature at the BSR was determined using the relationship found in Tishchenko et al.,
2005 assuming normal salinity of 32.5 PSU and a mixed hydrostatic to lithostatic pressure.
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Seafloor temperatures were assumed using a CTD collected in summer 2012 directly west of the

Cascadia deformation front, offshore Washington.
Surveys with detectable BSRs include:
- 1975 Survey (w-8-75-np and w-18-75-np): 3 of the 5 Washington Lines
0 WR-52/WR-48/WR-46
- 1980 Survey (w-29-80-wo): 1 of the 13 Washington Lines
o WO-44
- 1985 Survey (w-39-85-wo): 9 of the 56 Washington Lines
0 WO-4034/ WO-4036/ WO-4040/ WO-4042/ WO-4044/WO-4046/ WO-
4060/WO-4068/ WO-4070/
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(Below) Heat flow in comparison with locations of methane emission sites (Johnson et al.,
2015). The red contour line marks the 500 isobath which represents the upper limit of the hydrate
stability zone.
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