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              Abstract A systematic heat ow sur vey using thermal blankets within the Endeavour segment of thefl

              Juan de Fuca Ridg e ax ial val ley p rov ides qu ant ita tive est imat es of the magn itu de a nd d ist ribu ti o n of

                conductive heat ow at a mid-ocean ridge, with the goal of testing current models of hydrothermal circulationfl

                 present within newly formed oceanic crust. Thermal blankets were deployed covering an area of 700 by 450 m

                in the Raven Hydrothermal vent eld area located 400 m north of the Main Endeavour hydrothermal eld.fi fi

                   A total of 176 successful blanket deployment sites measured heat ow values that ranged from 0 to 31 W mfl
2.

           Approximately 53% of the sites recorded values lower than 100 mW m2      , suggesting large areas of seawater

             recharge and advective extrac tion of lithospheric heat. High heat ow values were concentrated aroundfl

                 relatively small hot spots. Integration of heat ow values over the Raven sur vey area gives an estimate of“ ” fl

           conductive heat output of 0.3 MW, an average of 0.95 W m2        , over the sur vey area. Fluid circulation cell

               dimensions and scaling equations allow calculation of a Rayleigh number of approximately 700 in Layer 2A.

                The close proximity of high and low heat ow areas, coupled with previous estimates of sur cial sea oorfl fi fl

             permeability, argues for the presence of small-scale hydrothermal uid circulation cells within the high-porosityfl

      uppermost crustal layer of the axial sea oor.fl

 1. Introduc tion

             Hydrothermal circulation transfers heat from newly formed oceanic crust into the overlying ocean, removing

                   more than 88% of the total heat of formation from crust younger than 1 Ma [ , 1994]. TheStein and Stein

               resulting interac tion during this transfer of uid and heat in uences the chemical composition of the oceanfl fl

           crust and seawater and establishes an environment for unique chemosynthetic biological communities

   [ ., 2001].Luther et al

            Most models of hydrothermal circulation geometry for mid-ocean spreading centers are constrained by

            boundary conditions derived from seismic studies, chemical sampling, and visual observations at high-

                 temperature discharge sites. These indirect data form the basis for a range of models that attempt to quantify

            hydrothermal circulation within axial ridges and have provided rst-order estimates of critical parametersfi

              such as permeability, porosity, topography, and heat sources that in uence this circulation. It has beenfl

           suggested that hydrothermal uid circulation pathways utilize both high-permeability fault zones [fl Rabinowicz

                    et al., 1999; Ti vey a nd Joh nso n, 2002; Coumou et al., 2008; Anderson et al Lowell et al., 2012; ., 2013], as well as more

               general regions of localized and diffuse matrix permeability [ ., 1997]. Previous models for multipleDavis et al

            circulation patterns have included large -scale ridge circulation [Wilcock, 1998], slot convection within open

               fissures [Delaney et al., 1997; Rabinowicz et al., 1999], double-loop single-pass convection [Lowell et al., 2012],

                  and annular convection cells centered on discharge sites [ ., 2008]. It is probable that more than oneCoumou et al

                  of these circulation cell distributions may be present within the same region of an axial valley [Johnson et al.,

    2010; Lowell et al., 2012].

                The heat budget of a spreading ridge depends on factors that include Axial Magma Chamber (AMC) size,

             depth and location, magma replenishment budget, spreading rate, distribution of faults within the overlying

                  reservoir lid, and the presence or absence of a sealing sediment cover [Li ster , 198 0; Schultz et al Chen., 1992;

               and Phipps Morgan Baker et al, 1996; ., 1996]. An unsettled question per taining to ridge crest hydrothermal

               circulation is how effectively this process removes heat directly above a heat source, speci cally the coolingfi
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      of a shallow magma chamber beneath an

     axial spreading ridge. Heat ow measuredfl

    usin g “b a r e r o c k ” t h e r m a l b l a n k e t s

      s u r v e y p r o v i d e s a m e a n s t o i d e n t i f y t h e

   hydrothermal circulation pathways within

   an unsedimented spreading valley.

     Heat ow measurements are a reliablefl

     proxy for subsurface uid circulation [fl Stein

       and Stein, 1992] and have been used to

     constrain numerical models of uid owfl fl

     through the crust in off-axis sedimented

       regions [Spinelli and Fisher, 2004; .,D avis et al

       2004; ., 2006;Hutnak et al Hutnak and Fisher,

      2007]. The heat ow pro les around activefl fi

       vent sites in Middle Valley on the nor thern

      Juan de Fuca ridge provide a rst-orderfi

     understanding of circulation within a fully

    sedimented spreading center [Davis and

       Villinger, 1992; ., 1998;Stein et al Stein and

      Fishe r, 2 001] . Thes e in sit u hea t flo w

    measurements have quanti ed the amountfi

       of heat released into the ocean from active

   high-temperature hydrothermal sites along

    a sedimented spreading ridge. However,

     similar high-resolution heat ow data havefl

    not been previously available for

  unsedimented spreading centers.

     1.1. The Main Endeavour Ridge Segment

       The Endeavour Segment is one of the seven

      major ridge partitions along the Juan de

      Fuca mid-ocean ridge that spreads at an

     intermediate full rate of 5.6 5.7 cm/yr–

     [ , 1993] and hosts several largeWilson

     hydrothermal vent elds, the largest beingfi

     the Main Endeavour Field (MEF) [Delaney

                et al Kelley et al., 1997; ., 2012]. The smaller R aven Hydrothermal Field (maximum vent temperature near 200°C:

                Figure 1) was initially discovered during remotely operated vehicle (ROV ) Jason II sur veys in 2000 and 2001

                   [ ., 2002] and is located approximately 400 m nor th of Main Endeavour and 1800 m south of HighJohnson et al

                   Rise Field, two of the most ac tive uid emission sites on the Endeavour Segment [ ., 2012]. Similar tofl Kelley et al

                 the Main Endeavour Field, the Raven eld lies within a region of reduced crustal magnetization (i.e., a magneticfi

   b u r n h o l e ) [ J o h n s o n e t a l              . , 2 0 0 2 ; T i ve y a n d J o h n s o n , 2 002; Ti v e y e t a l ., 20 14 ]. Thi s asso cia ti o n wit h th e

                hydrothermal uid emission site suggests that the upper crust in these areas has been chemically and thermallyfl

                alter ed b y hyd ro ther mal fluids [e.g. uid chemistry has been collected fromTive y and Dy me nt, 201 0]. No v ent fl

         Raven hydrothermal vents, and the emitted uid is chemically uncharacterized.fl

               The geological structure of the Main Endeavour/Raven area axial valley consists of major normal faults forming

                    steep boundary walls ~200 m tall on either side of a 300 m wide valley oor. In the subsurface, seismic datafl

                  resolve a shallow magma chamber approximately 0.8 km wide with a tilted roof 2.1 km below the seafloor on

                      the western side of the valley that deepens to 2.5 km below the eastern edge of the valley [Van Ark et al., 2 007].

                 The eastern ank of the Main Endeavour ridge segment has been the location of several previous heat owfl fl

                    studies [Davis and Lister, 1977; ., 1999; ., 2004; ., 2000; ., 1998;Davis et al Wheat et al Pribnow et al Stein et al

               Hutnak et al., 2006]. Within the Endeavour axial valley, a previous low-resolution heat ow sur vey wasfl

                centered on the MEF [ ., 2010]. Studies of hydrothermal plumes overlying the valley have usedJohnson et al

         Figure 1. Composite bathymetry map of Endeavour Ridge rift valley

        showing the location of high-temperature hydrothermal fields (a) High

        Rise Hydrothermal eld, (b) Main Endeavour Hydrothermal eld, andfi fi

          (c) the Raven Hydrothermal Field with study area outlined in black.

          Inset shows location map of the study area within the Endeavour

           segment (white box) on the Juan de Fuca spreading ridge located off

      Washington, USA (white line shows plate boundary).
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 con d uc tiv ity -te mper atu re - de pt h sens ors

    on ROVs and Au ton omo us Und erw ater

    V e h i c l e s t h a t p r o v i d e w a t e r c o l u m n

      e s t i m a t e s o f h e a t i s s u i n g f r o m t h e v e n t

      fie l d s , i n c l u d i n g M E F [ B e m i s e t a l ., 19 93 ;

       Veirs et al Baker., 2006; , 2007, and references

     therein; , 2010]. UsingKellogg and McDuff

    the previously developed thermal blanket

   i n s t r u m e n t a t i o n [ Jo hns on a nd Hu tna k,

      1997 ], this study deployed a systematic grid

       of heat ow stations in areas of par tialfl

   sediment cover (submeter-scale thickness)

    aro und th e R av en Hyd rot her mal Fiel d.

        The g oal o f th is s tu d y was to q uan tify the

    conductive heat output and characte rize

    hydrothermal circulation pathways within a

    thermally active spreading center valley.

 2. Methods

  2.1. Thermal Blankets

      To bett er de ter min e h eat fl o w i n r e g i o n s

     o f s p a r s e s e d i m e n t c o v e r, d a t a p r o c e s s i n g

    m e t h o d o l o g y f o r t h e t h e r m a l b l a n k e t s

     w a s i m p r o v e d f r o m t h e p r e v i o u s m e t h o d

     d e s c r i b e d i n J o h n s o n e t a l . [ 2 0 1 0 ] .

     W h i l e t h e p h y s i c a l c o n fi g u r a t i o n o f t h e

    t h e r m a l b l a n k e t s i s u n c h a n g e d , t h e

   p o s t p r o c e s s i n g t e c h n i q u e s h a v e b e e n

    s u b s t a n t i a l l y m o d i fie d t o p r o d u c e m o r e

    acc urat e heat flo w m e a s u r e m e n t s . T h e

   p r i m a r y i m p r o v e m e n t c o n s i s t e d o f

    c o r r e c t i n g f o r b o t t o m w a t e r t e m p e r a t u r e

    var iati ons dur ing de pl oym ent peri ods by

     u s i n g a g e n e r a l F i n i t e D i f f e r e n c e M o d e l

     ( F D M ) [ B e a r d s m o r e a n d C u l l , 20 01] ( see

 supp or t ing i nfo rmat ion ).

                Thermal blankets func tion as sensors by propagating the thermal gradient from the underlying rock into a material

     matrix of known thermal conduc tivity (λm, in units of W m1 K 1   ) over a fixed t hickness ( z), resulting in an in ternal

   thermal gradient from T0  to T 1           therefore allowing for an estimation of heat flow , q (W m2) using Fourier’s Law:

  q ¼ λm

T 1   T 0

z
(1)

                 The thermal blanket consists of a disk-shaped layer of open cell foam approximately 0.5 m in diameter and

                  5 cm thick encased in a thin low-permeability fabric shell as described in . [2010]. The thermalJohnson et al

                gradient within the blanket is measured using two Antares thermistors with a resolution of ± 0.001°C located

                 on the top and bottom of the blanket midway across the diameter. Immediately af ter being placed on the

               sea oor, the bottom thermistor records an increase in temperature (Figure 2) which will eventually reach afl

  stable value, T0             , depending on the underlying geothermal gradient. The top thermistor records the time -

              dependent bottom water temperature direct ly above the blanket, which is used to correct for thermal

                variations within the blanket. Due to the small size, thermal blankets are easily manipulated using the ROV

             Jason II, allowing for multiple station deployments for each instrument during a single dive.

                Following the removal of external thermal in uences with the FDM algorithm (Figure 3), the solution to thefl

                 heat transfer equation for an in nite half slab was used to determine the evolution of the thermal gradientfi

          Figure 2. Two examples of blanket deployments used in this analysis.

          L i g h t g r e y i s t h e b o t t o m - s e a l e d t h e r m i s t o r , a n d b l a c k i s t h e t o p

       t h e r m i s t o r r e c o r d i n g b o t t o m w  a t e r v a r i a b i l i t y . ( t o p ) A w e l l - b e h a v e d

          h i g h h e a t fl flow ex amp le. (bot tom ) A lower hea t o w e x a m p l e w i t h

   v a r i a b l e b o t t o m w a t e r t e m p e r a t u r e .
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     within the thermal blankets over the

    deployment period [Carslaw and Jaeger,

      1959] (Figure 4). The assumption of in nitefi

     half-space does not include edge effects,

      which were assumed to be negligible for

        the high aspect ratio of the 2 mm diameter

      thermistor sensors located at the center of

       the 0.5 m diameter blanket. In equation (2),

       T is the temperature based on the variables

       t z(time in seconds) and (thickness in

     meters) ranging from initial temperature T 0

  to nalfi T 1       , with a xed thermal diffusivity ( )fi α

      derived from the physical properties of the

 blanket foam:

 T z; tð Þ ¼ T0  þ T1   T0ð Þerfc
z

2
ffiffiffiffiffi
αt

p
 

(2)

    Thermal diffusivity is de ned byfi

 α ¼
λm

ρCp

(3)

 where C p  is specific heat capacity ( J kg 1K 1 ),

λ m        is the thermal conduc tivity, and ρ (kg m 3)

      is seawater density. The heat capacity and

     density used were 3.992 × 103 J k g 1 K1

   and 1039 kg m 3     based on a temperature of

      2°C and water depth of 2000 m.

     The resulting curve produced by this

     equation was tted to the bottomfi

    thermistor temperature pro le by varyingfi

   the thermal conductivity (λ m    ) and the nalfi

 temperature ( T 1       ) until the best t or highestfi

r 2      value was determined (Figure 4). The

  final temperature ( T 1     ) was assumed to be

      independent of the error function term at

         t = and is the only parameter used in∞

     further analysis. Heat ow was thenfl

        calculated using Fourier’s Law and the estimated parameters λm      , ΔT (the difference between background

   water temperature and T 1    ), and thickness (z).

   2.1.1. Thermal Blanket Error

                 The primary source of a failed thermal blanket deployment resulted when the blanket did not form a complete

                seal with the sea oor and was therefore unable to record a stable geothermal gradient. These failed stationsfl

            were readily identified by high-frequency temperature uctuations visible in the bottom thermistor recordsfl

             that could not be attributed to bottom water temperature variations propagating downward through the

                 blanket. Even a small gap between blanket and sea oor will cause a large disturbance in the thermal gradient,fl

                 and all stations with signs of a poor seal were discarded and not considered in our postcruise analysis.

                 Multiple components of the thermal blanket deployment will add to the error in the nal estimate of heatfi

               fl fiow. One process easily quanti ed is the propagated error from the resolution of the Antares thermistors.

                 Postprocessing is done by fitting a continuous temperature equation to a data s et with a resolution of ±0.001°C,

                 providing noise to the data sets. For high heat ow values, the error associated with thermistor resolution isfl

                  small but can be substantially larger for low heat ow sites. At a thermal conductivity of 0.56 W mfl
1 K 1 (at

                   water of 2°C and 2600 m depth), the analog to digital conversion limit of 1 millidegree C will produce an

    error of ±0.011 W m2.

          Figure 3. Example of bottom water variations being removed from a

        thermal blanket deployment. (top) The top thermistor record is

         incorporated into (middle) the nite difference model as the topfi

        boundary condition, resulting in estimated variations recorded by the

       bottom thermistor caused by temperature anomalies. (bottom) This

         anomaly can be removed from the bottom thermistor (red) resulting

        in a record of the corrected heat ow (green).fl
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    Variations in substrate thermal conductivity,

      such as moving from sediment to basalt,

       could have a minor impact on blanket heat

     flow by altering the bottom equilibrium

 temp er at ure ( T 1     ) . D u e t o t h e F D M

   c o n s t r u c t i o n , t h e s e v a r i a t i o n s w e r e

    a c c o u n t e d f o r d u r i n g t h e d e p l o y m e n t

   peri od. T her mal di ffu siv ity var ia tio ns

     associated with sediment (4 × 107 m 2 s1)

    or bas alt (2 .5 × 107 m 2 s1 ) s e a flo o r

   s u b s t r a t e [ G o t o a n d M a t s u b a  y a s h i , 2 0 0 9]

     r e s u l t e d i n m i n i m a l v a r i a t i o n s i n b l a n k e t

      t h e r m a l h e a t flo w of ±0 .000 2 W m2. A ny

     cra cks or fis s u r e s i n t h e b a s a l t / s e d i m e n t

    cove r or une xpe ct ed flu i d c i r c u l a t i o n

    p a t h w a y s t h a t w o u l d i n c r e a s e t h e r m a l

    d i f f u s i v i t y w o u l d r e s u l t i n o b v i o u s

   blan ket -fa ilu re -to -s eal be hav i or an d w ere

 t h u s d i s c a r d e d .

     Based on equation (2), the temperature

     recorded by the thermal blanket bottom

      thermistor should take ~6.7 days to reach

  90% of T 1     (equilibrium) and 27 days to

   reach 95% of T1      . Basalt has a higher thermal

   diff usi vit y than s edi men t, pro duci ng

     shorter equilibrium times. While this model

   p r o v i d e s t h e b e s t fit o f t h e o b se r ve d

     thermal blanket parameters, it assumes no

     fluid circulation (purely conductive) in either

      blanke t or s eafloor and does not account

    f o r t h e m i n i m a l t h e r m a l c o n d u c t i v i t y

    c h a n g e s d u e t o a n y t i m e  - d e p e n d e n t

               substrate properties. However, there may be minor uid circulation occurring within the blanket foam matrix atfl

      high heat ow values (fl >500 mW m2            ) that would reduce the time to equilibrium but introduce error. Our

             processing methodology does not, however, require that the blanket reach thermal equilibrium. Possible error

    in equilibrium temperature estimations ( T 1           ) due to the blanket not reaching equilibrium during the deployment

               period are accounted for by how well the data t theoretical modeled behavior (see supporting information).fi

             Prior to a blanket deployment, bottom water temperature variability can alter the thermal environment

              within the near-seafloor substrate. A temperature mooring (i.e., NE Mooring) connected to the Neptune Canada

          fiber optic cab led observat ory [Oce an Networks Canad a Data Archive, 2014, h ttp://www.o ceannetworks.ca]

            recorded long-term background temperature variability within the axial valley away from any high-temperature

                vent system. Bottom water temperature data for the Endeavour axial valley recorded 6 months prior to and

              including the blanket survey period ranged from 1.85°C to 1.92°C. Downward propagation of this temperature

            variation [ ., 2005] using a thermal diffusivity of 4 × 10Hamamoto et al 7 m 2 s1     results in a temperature variation

                    r a n g e o f ± 0 . 0 2 ° C a t 1 m a n d ~ 0 . 0 0 2 ° C a t 3 m d e p t h b e l o w t h e s e aflo o r . T h i s c o u l d r e s u l t i n a p o s s i b l e

          h e a t flo w e r  r o r w  i t h a s t a n d a  r d d e  v i a t i o n o f ±  1 5 m W m2   o v e r s e v e r a l m o n t h s .

    2.2. Raven Heat Flow Survey

                The heat ow sur vey presented in this paper includes data derived from 13 individual thermal blankets, eachfl

                deployed at multiple stations using the ROV Jason II during a 2011 R/V cruise (AT18-09). DuringAtlantis

                   this cruise, Jason conducted two 48 h dives for a total bottom time of 96 h, collecting measurements at 192

                 thermal blanket stations. Of this number, 16 stations were not processed because of failure to seal on the

             sea oor, leaving 176 successful blanket deployments. Most blankets were deployed in a quasi-systematic gridfl

            Figure 4. Examples of (top) a warm and (bottom) a cool station ttedfi

           to the solution of the in nite half-space heat equation (black line). Thefi

          light grey line is the resulting bottom thermistor data following the

          removal of the bottom water variations via the nite difference model.fi
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                  with an average spacing of 50 m over a rectangular area 700 by 450 m. An additional eight deployments

              extended westward over the western rift valley wall, approaching the rst off-axis sedimented valley. Alsofi

                    included in this data set are 10 previous heat ow stations on an E-W pro le between the Raven and MEF infl fi

                  2003 [ ., 2010], located less than 100 m from the southern boundary of the 2011 Raven survey.Johnson et al

              These data were reprocessed using the current methodology described above and extended the heat owfl

     survey area by 100 m southward.

                  Thermal blankets could not be deployed over a small section near the eastern axial valley wall due to the

                 presence of large talus elds that would have prevented blankets from sealing properly. A smaller area on thefi

                western axial valley wall was also not sampled due to the active hydrothermal venting and sul de debrisfi

              located along the normal fault near the intersection with the valley oor and talus elds.fl fi

                Any blanket showing a negative heat ow value after processing, where the top thermistor had a warmerfl

            temperature than the bottom thermistor, was assigned a value of 0.0 W m2      . In these cases, the assumption

               was made that the actual geothermal gradient was extr emely low and the top thermistor was registering

                 localized warming of the overlying water column due to currents within the axial valley [ ., 2012].Hautala et al

         2.3. Two-Dimensional Interpolation of Heat Flow Over the Valley Floor

               To aid in interpretation and areal pattern recognition, sur face interpolation of the nal processed heat owfi fl

             data used the geostatistical method Simple Kriging. This method was implemented using the Geostatistical

           Analysis component within the Environmental Systems Research Institute (ESRI) ArcGIS software pack age

             [ , 2011]. Heat ow values were interpolated using a Gaussian andEnvironmental Systems Research Institute fl

                  linear model, assuming a known stationary mean. This resulted in the lowest residual t to the data, producing afi

              generalized interpolation that accounts for the spatial variability and the ability to resolve moderate length

        scale patterns within the discrete heat ow measurement grid.fl

 3. Results

         Heat ow measurements ranged between 0 and 30 W mfl
2        with the majority of the stations only slightly

   above 0.0 W m2              . Overall, 59% of heat ow values ranged between 0.0 and 0.1 W mfl
2    and slightly more than

            half of those (69 stations) recorded values at or below 0.0 W m2       . Ten stations exceeded 10 W m2   , with one

    station reaching 30.5 W m2  (Figure 5).

        Stations that are classi ed as cool ( 0.1 W mfi “ ” < 2            ) occupy much of the axial valley oor and walls. Heat owfl fl

    exceed the +0.1 W m2              threshold only at localized hot spots and were located primarily on the western rift

              valley wall and within the central valley. No heat flow va lues above 1.0 W m2     were detected along the eastern

                  valley wall (Figures 5 and 6). Hot spot areas on the western wall were linearly distributed along azimuth 130°,

                Figure 5. Measured heat ow values ( lled circles) overlayed on 1 m resolution SM2000 directionally shaded bathymetry.fl fi

             Red triangles are active hydrothermal venting locations. Black triangles are remanent dead sul de stacks.fi
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                  a direction offset ~20° from orthogonal to the azimuth of the west wall (N020°) (Figure 5). Two additional warm

    values of >10 W m
2               formed a localized hot spot in the southwestern corner of the survey area. Hot spots

                  loca ted within t he ax ial valle y floor were composed of larger areas of relatively high heat ow compared to thefl

             smaller, more localized distribution of high-temperature stations identi ed on the west wall (Figure 5).fi

                Large differences in heat ow were found between stations located in close proximity to each other, stronglyfl

               suggesting that the thermal anomalies are produced by sources in the shallow subsurface. The most extreme

                 example of large horizontal differences in heat ow are two blankets located on the upper west wall nearfl

             universal transverse mercator (UTM) coordinates: 49,270 Northing, 5,311,400 Easting, near a cluster of dead

             sulfide structures, which had a difference in heat ow values of 10 W mfl
2       and were located only 20 m apart

                Figure 6. Measured heat ow data projected onto a plane perpendicular to the spreading ridge-strike -centered around thefl

                 prominent fault within the western valley. Included within this pro le are heat ow stations collected during the 2011fi fl

                  survey (this paper) and the north line from the 2003 Main Endeavour heat ow survey [ ., 2010].“ ” fl Johnson et al

                    Figure 7. Heat ow pro le over the west and east walls providing a more complete heat ow pro le transecting the axialfl fi fl fi

                    ridge and rif t valley. Pro le includes heat ow stations over the west wall collected during the 2011 survey (this paper) andfi fl

              the north line from the 2003 Main Endeavour heat ow survey [ ., 2010].fl Johnson et al
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                (Figure 5). This pattern of large variation in heat ow measurements between proximal sites appears in severalfl

               other locations within the survey site, including west of the active Raven hydrothermal vents, within the

              axial valley oor and near the dead sulfl fide deposits on the west wall (Figure 5).

                  In addition to the dense grid of stations located within the axial valley, heat ow values were also obtainedfl

                 over the western ridge ank. Combined with 10 blanket stations from a 2003 cruise [ ., 2010],fl Johnson et al

                  these stations outside the valley walls provide an E-W cross-axis heat ow pro le of the axial valley and anksfl fi fl

             (Figure 7). Heat ow along this transec t ranges from zero to 12 W mfl
2     and gradually increases over the

             west ridge ank, peaki ng near the summit and then decreasing to zero W mfl
2     within the axial valley, except

              at the previously discussed localized hot spots. This off-axis cooling trend continues symmetrically up the

                  eastern wall, with the exception of one warm location within an intensively faulted region at the top of the

    eastern ridge ank (Figure 7).fl

     3.1. Heat Flow Versus Sur face Permeability

              ROV Jason video-frame -grab images have been used to estimate sur face permeability for the same Raven

                   area as the heat ow study (Figure 8) [ ., 2013]. In that study, sur face permeability was classi ed asfl Hearn et al fi

             high, medium, or low based on semiquantitative visual obser vations of sea oor sediment cover, exposedfl

                 rock type, and ssure density. In addition to sur face permeability, . [2013] identi ed the locations offi Hearn et al fi

               both active venting sites and inactive sul de deposits, where the latter were interpreted as locations offi

                Figure 8. ROV image-derived surface permeability (adapted from . [2013]). Black corresponds to low permeabilityHe arn e t a l

              associated with full sediment cover, while white corresponds to high permeability related to loose rubble/talus.
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              previous hydrothermal uid discharge (Figure 8a). Most of the inactive sul de deposits are located alongfl fi

                  the western side of the axial valley, continue up the western wall, and are associated with moderate to high

              heat ow values within areas of low and medium sea oor permeability. The only high-sur face permeabilityfl fl

                 areas of this study are associated with regions of the western wall that hosts the presently active uidfl

             discharge sites, suggesting a strong positive correlation that appears to be causal (Figure 8a).

                 The localized hot spot at the intersection of the along-ridge trend of active vents and the across-strike linear

             distribution of inactive sulfide deposits appears within a region of predominantly medium- and high-surface

                  permeability seafloor (Figures 5 and 8). It is important to note that the remaining high heat ow hot spotsfl “ ”

                 w i t h i n t h e a x i a l v a l l e y a r e l o c a t e d w i t h i n t h e a x i a l v a l l e y flo o r ( F i g u r e 8 b ) , w h i c h c o n s i s t s l a r g e l y o f l o w -

               permeability areas that are almost completely covered with sediment and appear to be unbroken sheet owsfl

      except for a few visibly open ssures.fi

   3.2. Heat Flow Interpolation

               The interpolation reach for the Simple Kriging models applied to the high-quality sites was between 75“ ”

                and 120 m and provides a generalized t that describes spatial heat ow patterns encompassing both distantfi fl

           a n d l o c a l i z e d h o t s p o t d i s t r i b u t i o n . T h e K r i g i n g e r r o r o f ± 0 . 9 W m2      is cau sed b y l arg e v ari a tio ns in

                measurements obtained between sites that were in close spatial proximity to each other within the high heat

                   flow locations. Due to the nominal 50 m spacing of the thermal blanket sites, it was not possible to resolve

     features smaller than this length scale.

            Assuming that surface interpolation accurately re ects the conductive heat ow distribution, the resultingfl fl

      Kriging model was resampled into 1 m 2            cells for visual display (Figure 9). The total heat output from this

                  survey site can be estimated by integrating the heat ow from each cell over the entire sur vey area. Thisfl

                  calculation results in a total conductive heat output for the Raven Hydrothermal Field study area of 0.3 MW or

       an average heat ow of 0.95 W mfl
2.

 4. Discussion

              This high-resolution heat ow sur vey of a relatively unsedimented but active hydrothermal region presents afl

             uniquely detailed picture of heat distribution within an intermediate spreading mid-ocean ridge axial valley.

             A similar conductive heat ow experiment was previously conduc ted within the Main Endeavour axialfl

                valley [ ., 2010], but at a much lower spatial resolution and without bottom water temperatureJohnson et al

             corrections. Spacing between heat ow stations limits our general ability to quantify higher-order spatialfl

                variations, as illustrated by stations with large contrasting heat ow values in very close proximity (Figure 5).fl

               However, spatial variations within our sur vey grid can resolve 50 200 m length scale patterns that identify–

                 Figure 9. Surface interpolation of heat ow stations using the Simple Kriging methodology overlain by measured heat owfl fl

  values ( lled circles).fi
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              both individual hot spots and cold sea oor potentially indicative of sea oor recharge. These data providefl fl

            strong evidence of active hydrothermal circulation cells occurring within the uppermost igneous crustal

     basement of the axial valley oor.fl

                 The presence of large areas of near-zero surface heat ow also implies shallow (within the top several hundredfl

              meters of Layer 2A) and vigorous hydrothermal circulation capable of transferring large amounts of heat

             from an underlying magma chamber. Measurements made in the presence of downward uid pressurefl

               gradients (i.e., recharge locations) are known to show suppressed heat ow in the surrounding sea oor [fl fl Stein

              et al., 1998]. Expanded areas of potential recharge zones may represent hydrothermal circulation that occurs

                 on a larger scale than the Raven area alone. These may be associated with the much larger high-temperature

                axial vent elds located to the north and south of this survey site [ ., 2012].fi Kelley et al

              Based on both actual station measurements and the data interpolation, localized hot spots distributed near

                 the west valley wall are small, well de ned, and are in sharp contrast to the colder surrounding sea oor.fi fl

                   This differs from the high heat ow hot spots within the axial valley oor that appear less well de ned andfl fl fi

                more broadly distributed than those along the western wall. This dissimilarity in the two areas can be

                explained by spatial differences in the depth of water penetration into the subsur face prior to returning to

               the sea oor. The hot spots located on the western wall are spatially correlated with the high-temperaturefl

              fluid discharge that produces sul de deposits and circulation in these discharge areas appear fault controlled.fi

               Faults can provide spatial stability through time compared to more mobile cells located beneath the porous

                   axial valley floor. One of the inactive sulfide deposits near a Raven west wall hot spot has been recently dated

                 as approximately 2000 years in age, [Jamieson et al., 2013], suppor ting the view that the hot spots associated

           with high-temperature emissions and sul de deposits may be relatively long lived features.fi

               In contrast to the actively venting sites, the linear across-strike distribution of relic uid emission sitesfl

                identi ed by inactive sul de deposits extending up the western valley wall (Figure 5) is not correlated withfi fi

                any visible surface expression of faulting, although there is considerable talus cover over much of the area.

               This is different from the presently ac tive vent areas, which are associated with the large ridge -strike -oriented

               normal faults that are clearly visible to the ROV video cameras. These obser vations suggest that currently

               active uid discharge sites may be correlated with subsurface faults that extend deeper than the uppermostfl

               Layer 2A crustal section. An ocean bottom seismometer (OBS) grid previously deployed in this area detected

               earthquakes that switch along strike from thrust faults to normal faulting within the crust immediately above

                   the AMC approximately 100 m north of the Raven area [Wilcock et al., 2009]. This seismic transition zone in fault

                 mode is oriented parallel to the linear trend connecting the heat ow hot spots and inactive dead sulfl fide

                 deposits up the west wall. Finally, high-resolution magnetics [ ., 2014] also show a similar southeast toTive y et a l

              northwest trend in reduced magnetization that correlate with the heat ow values, sul de deposit distribution,fl fi

                and seismic structure. These correlations in azimuthal trends within the same portion of the axial valley are

               unlikely to be a coincidence and strongly suggest deeper E-W structural control on the high-temperature uidfl

  pathways (Figure 5).

  4.1. Ridge -Scale Circulation

               Our measurements of conductive heat ow, extending as pro les over both the west and eastfl fi fl    anks of the axial

             ridge, provide insight into these larger-scale crustal circulation patterns. Generalized areas of cold seafloor

              surrounding localized high-temperature vent sites within the axial valley lend support to the near-field toroidal-

                shaped pathway model of Coumou et al. [2008] where cold seawater ows into the axial valley subsurfacefl

                  crust and recharges both shallow ( 500 m) and deep ( 1 km) hydrothermal cells within the axial valley< >

                    (Figures 5 and 7). In addition, based on the areal distribution of increased heat ow near the apex of the valleyfl

                 flanking ridges, off-axis uid upwelling, and likely low levels of uid emission may also occur along the thinlyfl fl

    sedimented western ridge ank summit.fl

                T h i s p a t t e r n o f t o p o g r a p h i c f o r c i n g o f s h a l l o w fl u i d c i r c u l a t i o n b y a b y s s a l r i d g e s o u t s i d e t h e a x i a l v a l l e y i s

                  c o n s i s t e n t w i t h p r e v i o u s r e s u l t s [ Fishe r et al. , 1 9 9 0 ; J o h n s o n e t a l ., 19 93; Fis her a nd Bec ker, 1 9 9 5 ; W a n g e t a l . ,

                   1997 ; , 2 010] .H u t n a k e t a l . , 2 0 0 8 ; F i s h e r a n d H a r r i s J o h n s o n e t a l . [ 1 9 9 3 ] u s e d t h e A l v i n h e a t fl o w p r o b e t o

               d e t e r m i n e h e a t fl o w w e s t o f M a i n E n d e a v o u r b u t w e r e u n a b l e t o m  a k e m e a s u r e m e n t s o v e r t h e a x i a l

                r i d g e a n d a x i a l v a l l e y d u e t o a l a c k o f s e d i m e n t t h i c k n e s s r e q u i r e d f o r c o n v e n t i o n a l h e a t fl o w p r o b e

              meas ur emen ts. Th e pre sen t ther mal bl ank et pro l e o ver the w est ern ax ial ri dge ank no w comp let es thi sfi fl
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     e a r l i e r p r ofile ( Fig ure 7) an d demo nst rate s

    that top ogra ph ical ly for c ed c rus tal flu i d

    c i r c u l a t i o n c l e a r l y c o n t i n u e s w i t h i n t h e

     p o o r l y s e d i m e n t e d r i d g e t h a t fla n k s t h e

     axia l va lle y an d exc hang es h eat bet ween

     the u pp er c r ust al ro cks an d sea wa ter.

   4.2. Shallow Circulation Within

  the Axial Valley

     The presence of tightly constrained zones

     of altered upper crust associated with

     hydrothermal uid emission sites has beenfl

   previously observed using crustal

   magnetization, water temperature, and

      conductive heat ow data [ .,fl Johnson et al

       1982; .,Ti vey a nd Jo hnso n, 2002; Johnson et al

     2010]. In addition to these observations,

    numerical models have also predicted

    annular recharge zones encircling centralized

     are a s o f ui d d is ch ar ge wi th iso tro picfl

    p e r m e a b i l i t y s t r u c t u r e s [ C o u m o u e t a l . ,

       2008 ]. The close spacing of ~100 m between

               conductive hot spots within areas of mostly impermeable sea oor (Figure 8) now also suggests the presencefl

                of relatively small shallow uid circulation cells located within the rst few hundred meters of the upperfl fi

                 Layer 2A of the oceanic crust. The general concept of shallow uid circulation cells located within the upperfl

                crust has been previously suggested by [1995], . [1997], [1998],Alt Delaney et al Wilcock Tivey and Johnson

                   [2002], Kelley et al Lowell et al. [2002], and . [2007], and this model appears to be supported by our present

     conductive heat ow survey (Figure 5).fl

  4.3. Hydrothermal Model

             A proposed hydrothermal circulation conceptual model that explains the heat ow measurements on thefl

                  valley oor and lower valley walls is shown in Figure 10. In this model, seawater enters the extrusive igneousfl

                  (pillow basalt) rock matrix that forms the upper Layer 2A via cracks, ssures, and faults in areas adjacent tofi

                 discharge sites and in more distal regions of the axial valley, par ticularly the eastern valley wall. Previous near-

                   bottom gravity data have been used to estimate a porosity of 30% for the upper crustal Layer 2A [Holmes and

                  Johnson Pruis and Johnson Cochran et al Johnson et al, 1993; , 1998; ., 1999; ., 2000] and speci cally for the axialfi

                valley at Endeavour [ , 1999]. This high porosity is further suppor ted by the low seismicGilbert and Johnson

                  velocities determined from MCS and OBS seismic work in the area [ ., 2011; ., 2014].Newman et al Weekly et al

                   For our model below, we assume a transition zone between Layers 2A and 2B that is based on the well-

    de ned seismic velocity structure offi     Van Ark et al. [2007].

                  The in ux of cold seawater into the upper crustal reser voir produces large areas of low heat ow, specifl fl fically on

              the eastern side of the valley. Low values of conductive heat owfl <10 mW m2   are highly anomalous

           compared to the estimated conductive average heat ow of ~1 W mfl
2       for an axial spreading center [Stein and

               Stein, 1992] . This backg round hea t flow can be estimated using equation (1) with an assumed thermal

 conductivity (λm ) of 2 W m1 K1          [Lowell and Germanovich, 20 04; Spinelli and Fisher, 2004] , a th ermal g radient o f

 1198°C ( T0    = 1°C and T 1               = 1200°C), and a depth ( ) of 2300 m to the AMC. The across-axis hydrothermalz

                   circulation shown in Figure 10 has been suggested to be driven by the nonuniform depth of the top of the

                  underlying magma chamber that shoals to the west and deepens to the east [Johnson et al., 2010 ]. This cross-

                axis east-to-west uid circulation is also believed to be the dominant uid circulation pathway at MEF locatedfl fl

                    500 m to the south of the Raven survey area [Johnson et al., 2010; Tivey and Johnson, 2002] . At MEF, c old

                 seawater is heated by interactions with the hot rock lying just above the melt zone, producing the high-

              temperature uids. These uids then move upward in a narrow high-permeability up ow zone from deepfl fl fl

                 within Layer 2B, forming the active high-temperature vent sites found along the west wall [Kelley et al., 2002].

          Figure 10. The proposed 2-D circulation model within the Layer 2A

       assuming large deep hydrothermal circulation with recharge along

             the east wall and discharge along the west wall due to a tilted axial

          magma chamber. Low porosity within Layer 2A may allow for the

    formation of localized circulation cells.
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                Away from the valley walls, the presence of localized hot spots within areas of impermeable unbroken sheet

                flow s and near 100% sediment cover (Figures 8 and 9) strongly suggests an additional mode of hydrothermal

                circulation occurs within t he uppermost crust of Layer 2A. High-temperature fluid emissions on the lower west wall

                 consist of hot hydrothermal fluids originating from deep within Layer 2B. These higher temperatures at t he top of

        Layer 2B also provide the heat that drives a secondary pattern of shallow circulation cells within the porous Layer

               2A. This two-layered circulation model, consisting of a deep (Layer 2B) sys tem that interacts with high-temperature

                basalt near the AMC and shallow circulation pathways constrained completely within Layer 2A, is similar to a

                model previously suggested by Lowell et al. [2012]. Smaller circulation cells would be constrained within Layer 2A,

                bounded below by the lower permeability of Layer 2B and above by the semi-impermeable sur face of mostly

                unbroken seafloor lithology and sediment cover [Hearn et al., 2013]. Active fluid circulation within Layer 2A would

               increase the effective thermal con ductivity and reduce the thermal gradient of the uppermos t crust, as discu ssed

                   below. This distribution of temperatures in discrete ver tical layers, from a high of 350–550°C for the deep layer to a

                 cooler 100–200°C for the shallow layer, has been previously suggested for the Gorda Ridge [Har t et al., 1990] .

                 To test the plausibility of this model of small circulation cells contained within the uppermost crust, we need

                  to rst examine if uid circulation cells can exist within the matrix of Layer 2A. That is accomplished byfi fl

               estimating the Rayleigh number ( ) for the system using equations from [2004] forRa Lowell and Germanovich

               constant heat ow scaling, which we believe is physically more realistic than the alternative model offl

                 assuming a constant for the upper and lower boundaries of Layer 2A. Using the scaling relationships fromΔT

              Lowell and Germanovich [2004], the horizontal distances between hot spots can be linked to underlying

      circulation paths by the scale analysis result

 L hRa1 4= (4)

                      The thickness of Layer 2A in this segment of the spreading center , h, is estimated to be 520 m based on the seismic

                         study of Van Ark et al. [2007]. The value for L is assumed to be 100 m, based on the Kriging heat flow map (Figu re 9).

              The resulting Rayleigh number ( ) calculated using the parameters derived above is approximately 700 andRa

                    is clearly in excess of the critical Rayleigh number, which ranges from 17.7 to 27.1 [ , 1968; ., 2003],Nield Tan et al

              strongly supporting vigorous hydrothermal circulation within the 2A layer. This value only estimates the vigor

               of potential uid circulation and ignores the presence of faults and anisotropy within the upper crustalfl

               section. This high number reinforces the model of shallow crustal circulation cells being responsible forRa

            the localized patterns of sea oor heat ow identi ed by our thermal blanket survey.fl fl fi

 5. Conclusions

           Quantitative heat ow measurements determined using thermal blankets over the Raven Hydrothermalfl

               Field on the Juan de Fuca spreading ridge provide valuable insight into hydrothermal circulation within very

                   young crust. Conductive heat ow was measured over an area of 450 × 700 m and identi ed large regions offl fi

                near-zero heat ow adjacent to high heat ow hot spots, which were located primarily along the westernfl fl

                 valley wall and within the central axial valley. This pattern for shallow uid circulation within Layer 2B isfl

           compatible with an additional deeper, across-axis hydrothermal circulation of high-temperature uid owingfl fl

           from east to west within uppermost Layer 2B [ ., 2010].Johnson et al

              R e g i o n s o f h i g h h e a t fl fio w su rro und bo th a ct ive an d i n ac tiv e sul d e d e p o s i t s , s u g g e s t i n g t h a t “d e a d”

              hydrothermal vent sites that appear visually to be inactive may be continuing to host low-temperature

               diffuse uid ow or residual heat that is dif cult to detect direc tly. Active high-temperature discharge sitesfl fl fi

                   are distributed along a large prominent fault running along the base of the west valley wall and parallel to the

                   ridge axis. Dead sul de deposits appear to form a linear trend across the rif t valley and west wall that isfi

               oriented almost perpendicular to the strike of the spreading axis. This inactive sul de deposit alignment isfi

              parallel to, and located near, a previously identi ed seismic transition zone in crustal structure, whichfi

            suggests deeper crustal control on the high-temperature uid circulation [ ., 2009].fl Wilcock et al

              Patterns of thermally driven uid circulation within the deeper crust include both rift valley wall-to-wallfl

              circulation beneath the axial valley oor, and secondary small circulation cells present entirely within shallowfl

                Layer 2A. These shallow circulation cells are identi ed by the sharp transitions between hot spots and thefi

        large areas of near-zero heat ow (0.0 W mfl
2            ). Finally, a R aleigh number for Layer 2A of 700 suppor ts the

             proposed conceptual model of small multipass circulation cells present within the uppermost igneous crust.
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