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Coring operations during two cruises in 1985 rerovered five gravity cores 
fm the northern Gorda Ridge and twelve from the Escanaba Traugh in the 
south. Sediment  studies on this material haw reveal& that recent volcanic 
activity and related h-l activity can be discerned and dated within 
the Escanaba Trough by means of sulfide-rich tuffaceous f law deposits 
derived locally frcm volcanic centers w i t h i n  the basin. Based upgn 
tentat iw correlations we estimate that the volcanic center at20 45'N was 
active a b u t  2400 years age and that the volcanic center at 41 N was active 
about 3000 years ago. In addition we can also date hydrothermal activity by 
means of su l fu r  preserved frm plume material Fn both northem Gorda and 
Escanaba Trough s-s. 
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I. 1 P- OBJECTIVES 

The Gorda Ridge is unusual  among^ active spreading centers in being located 
proxjmal to continmtal sources and, in the southem portion, underhim by a 
th ick section of Ple is tme terrigenous turbidites. The thick sediment cap 
provides an insulating blanket: profoundly affecting the thml m g h  and 
underlying crustal formation processes. Confined hydrothema1 circulation, 
restricted by the impervious sedhmt,  can result in high upper crustal 
temperatures and intense sediment diagenesis, causing l d i z e d  hydrothema1 
deposits that are much larger than those found in unsedbmmted spreading 
centers, 

As part of the Minerals Managerm~t Service program to walwte the resource 
potential of the Exclusive Economic Zone, integrated sediment studies of the 
Gorda Ridge were undertaken using m t  geochemistry, paleo/rock mag- 
netism, and sidmntology. The owrall goals of the project are to d e  
the  s-t historicah record for evidence of hydrothema1 and/or volcanic 
activity and to establish the extent, duration, and frequency of such 
events. An wrtant aspect: of th is  research is to determine the influmes 
of the &imt redox e r r v i r o m  on preserving volcanmenic signals or 
remobilizing ~ t a l s  within the sedjment column. 

The specific objectives of this work are: 

- To &ermine whether and how hydrothermal mineralization is 
presesved h~ axial valley sediments, 

- To establish a time scale and to ex& the spatial extent of 
fa l lou t  from hydratheud pfms ,  

- To evaluate the effects of mnbient geod~emical conditions on the 
preservation of mtal enriched phases assmiated with hydrothem1 
plume fal lout ,  - To assess the timing and spatial extent of volcanic events or 

t i l t i ng  associated with dom building as recorded in axial valley 
z&hE!nts. 

S d m m t s  w e r e  obtained frm two  d s e s  in 1985. The L6-85-NC cruise 
aboard the USGS research vessel LEE concentrated on the Escanaba Trough of 
to the Southern Gorda Ridge. Cores f r o m  this cruise are designated here as 
L cores. The W8508AA cruise on the Oregon State University ship W X m A  
focussed on the N o r t h e r n  Gorda and cores f r o m  this area are herein called W 
cores 



1.2.1 Tectonic Setting of the Gorda Ridge 

Regional Setting: The Gorda Ridge is a slow-spreading mid-ocean ridge 13 
m/yr full rate) lccated within 200 miles of the Olregon-Califoda 
coastgne. The ridge is bounded on the south by the Mdocino fgacture zone 
at 40 20W, and on the no r th by  the Blanco fracture zone at -43 OYN.  
Unlike the J m  & Rrca Ridge to the north (Malahof E et al . , 1982) , the 
axial valley of the Gorda Ridge is bounded by faults and uplifted terraces 
(Atwater and khdie, 1973; Fowler and Kulm, 1970, Hehfchs, 1970). The 
axial valley is more than 3200 m d e p  and the marghal ridges on either side 
typically rise one or two  kilometers above the axial valley (McMarms, 1967), 
similar to the slaw spreading Mid-Atlantic Ridge. 

The Gorda ridge is divided into three separate segpnents, each with a 
differmt spreading history {Atwater and mdie, 1973; aiddihough, 1980) . The 
northern section (Figure 2b) is w k e d  by a r e l a t i e l y  fast to ta l  opmhg 
rate of 5.8 d y r ,  whi&  decreases to a total opening rate of 3.0 d y r  on 
the southern and central ridge s-ts ( R i ~ o u ~ ,  1980). S a w  workers 
have suggested that the ridge is spreading as~trically at present 
(Solano-Bonego, 1982) . Riddihouqh (1980) and workers w i t h  aocess to 
SEABEAM bathymetsy (A. Blahoff, oral cam.) conclude, howwer, that 
as-tric spreading of the south and central sections of the Gorda Ridge 
ceased about 2 m. y.  ago. Scane bathymetric evidence ,supports recent oblique 
spreading on the northern Gods @. Malahoff, oral ccaran. 1 . 
The southern s@gent of the Gorda Ridge (Escanaba Trough, Figure 1) , is 
offset from the central and northem se~gnents of the Gorda RfscEge by a small 
fracture zone. % % n ~ ~ ~ t s  clnrer the axial valley to about 41 15'N, or for  
about the s o u t h e m s t  80 Ian of the rise axis. The valley is f i l led& 
more than 500 meters of sediment in the south, but the s e d h m t  thins to the 
north where the axial valley shoals. Mch of this sedimmt flow& off the 
continents as turbidites during Pleist- l o w  seaeve1 stands. During the 
Holmme, major mtbentally-derivedturbidites a~re not observed and 
sedirrent:ation amars to be better descrSbed as hemipelagic (see below) , 
Within the axial valley are several volcanic oenters where sediments have 

upliftmi 50-100 meters abwe the surrounding turbidite plain and in 
some cases where &salts pierce the s d m n t  and form hills. 

Dames or Volcanic Centers: Separate volcanic centers in the Escanaba Trough 
have k e n  identified by the L6-85-IC cruise to the Gorda Ridge. Several of 
these dcanes had been crossed prwiausSy during a site s u n e y  for DSDP S i t e  
35 (Mmre,1970; Mmre and Sharman, 1970) but w;we interpreted as one long 
continuous baswaent ridge due to the lack of adequately spaced seismic 
reflection lines. The more closely spaced seismic reflection work in 1985 
was sufficient to delineate 5 discrete volcanic centers in the sedbented 
part of the axial valley generally offset to the west of the cater of the 
valley (Figure 1) . These volcanic edifices can be traced upward through 
the 300-to-500 meter-thick sedhmtary f i l l  and are in places exposed gn the 
seafloor. A detailed transpondernavigated survey of one center at 41 N 
showed it to be composed of several smaller, overlapping volcanic hills. 



Figure 1. Location of volcanic centers in the Escanaba Trough based 
upon single channel seismic reflection lines from the L6-85-NC cruise 
in September 1985. 



The 3-ts have uplifted m r  and adjacent to these volcanic 
edifices, but the absence of large-scdle drag folding in the reflector 
sequences around the margins of the intrusive zones Mmtes  that these 
structures either preda*e much of the sedimentary fill or have grown 
contemporanemsly with the sedimntary section.. Small-scale superficial 
deformation of the s-s surrounding the volcanic centers supports the 
latter interpretation. 

1.2.2 Sdmmtation on the Gorda Ridge 

Sediments in the Garda Ridge area are derived fm terrigmous,  biqenic, 
volcanic, and, possibly, hydrotherml sources. The terrigenous conpnents 
include mainly chlorite, illite, plagioclase, q a r t z ,  and minor mafic 
mherals from metamorphic and volcanic terrains of the Northern California 
Coast Ranges and Klamath Mountains of Oregon, as ell as lesser abundances 
of smectites from the Colmbia Ri-r Bash (Karlh, 1980; Phipps, 1974; 
Spigai, 1971). Except for  Phipps (1974) and H e a t h  et al. /1976), little 
work has been done in characterizing sedhmtaxy biogenic constituents in 
the ridge emriroment. H m r ,  on the Southern Oregon margin and in the 
Cascadia Basin, Holocene olive-grey mds show a dumhance of radiolaria over 
foraminifera fi the coarse g r a h  fraction, whereas in glacial grey lutites, 
planktonic f o r m  &mihate (Duncan, et al., 1970; Barnard and W3&nus, 
1973). 

In ridge s ~ s ,  volcanic mnents can be &rived fm primary ex- 
trusive activity and dispersion by nepheloid, plurne or turbfdite transport 
on the seaflmr. The main evidene of neo-volcanic activity is the presence 
of volcanic glass and lithic fragmnts asswiated w i t h  extrusion. G i m  
sufficimt core coverage, areal changes in volcanic grain size can k used 
to map a given volcanic everrt, but hydraulic sorting due to turbidite 
transport can catplicate intepretations, Volcanic glass in -ts can 
also be derived from exposed volcanic structures due to shedding and 
reworking processes. 

Hydro- sedkmtazy  capnents along the Gorda Ridge could be deriwd 
from primary venting and hydrothermal plumes such as obsened aver open, 
us-ted ridge crests. If massive s-t-hosted sulfide -sits are 
present, mass wasting, slunphg, seismically-in&& turbidite activity, or 
tectonic tilting can cause m b i l i z a t i o n  and redeposition of hydrothermal 
material, However, the nature of hydrothermdl mineralization in the 
sedirrents of the Gorda Ridge m y  cEepend on the anbient geochmical emiron- 
mat in whi& the metal-rich phases are -sited. 

1.2.3 Effec t  of the Fledox Emriroment on Hydrothermal Mineralization 

Typical hemipelagic sedimnts show a red-brown oxic surface layer, a 
tadolive transitional zone overlying grey-green sediment. This zonation is 
due to the progressive consimption of oxidants, pr ' g fm 02' NO I 
and M(IV) in the b- zone, to Fe(I1I) and  event^=^ in the & 
zone. These diagenetic processes are reflected in the sedmmts as high M 
concentrations in the surface s ~ t s .  When sulfate &&ion is present, 
diagenetic sulfides are precipitated at depth. In a given depositional 



r e g h ,  the squence of reactions can k telescOped or compmssed, and later 
reactions (e .g. sulfate rduct ion)  may or may not: be present a t  depth, 
depending primarily on input of mhboLizable organic carbon and 
sedimnt: acmla t i on  rates. 

In pelagic regions containing hydrothermal input, hydrothenml fallout frm 
plums is usually evidenced in  anomalously high levels of M and Fe. 
Hydrothermal sulfur is usually rapidly oxidisedto sulfate and diffuses to 
the seawater in such oxic emiromt:s and is not present in the s-s. 

In Gorda Ridge sediments, because of more rapid sedhmtatfon and higher 
organic input, mganese is remobilized at depth and reprecipitated near the 
surface. In sueh sedbmts,  a hydrothem1 sipal could k~ obscured or 
removed by bacterially mediated organic matter dmmrpsition reactions. 
Im, in contrast, is not remobilized to the same extent as MI, because it 
rapidly transforms in to  other crystalline phases. H m r ,  iron is a c m n  
component of terrigenws, volcanic, as we11 as hydrothermal sources; thus, 
separating hydrothe- input frm other ccanpeting sources can be difficult. 
Similarly, sulfur in sediments can be due to either (or both) hydrothermal. 
input or diagmetic sulfides. 

Sediment cores from the S.P. lE3 L6-85-NC and W8508AA cruises w r e  
obtained using a t h r e  meter gravity corer w i t h  4" diameter plastic barrels. 
A magnetic cmpss/tilt meter was used on four of the LEE cores to obtain 
absolute orientations and masummts of core t i l t ing upon penetration. 
Cores were cut into 1.5 rn lengths, capped thm stored in a refrigerated van 
until arrival at m r t ,  whe- they were transferred to the OSU core 
storage facility in Conallis. 

A t  the OSU core laboratory, whole core magnetic suseptihi l i ty (K) masure- 
ments at 1 an interns were made wing a E3aTthhgton M.S.2 Susceptibility 
Wter. Due to the ring sensor geawtry, the system response is a oosine- 
sham with a bandwidth of +/- 5 m. Thus, each r r r e a m t  is a center- 
weighted integration of susceptibilities within 5 an of the sensor position. 
After these m e a s ~ t s ,  cores were spli t  into archive and working halves 
with t w i n  routers. Standard core descriptions and smear slides wens made 
imwdiately after opening. Color pictures of the core sections w e r e  kindly 
prwided by Mr. T . Chase (USGS, Mmlo Park) . 
Soon after the init ial  descriptions, simples for palemgnetism, chdstlry, 
and water contwits w e r e  taken from the working core halves. Palemqxtic 
sampling was done a t  5-10 an intervals, using a thin-walled square stainless 
steel tube, mounted in an orienting jig, to minimize disturbmce.  All 
samples for rock/paleamagmtism were kept cold and in a low field envimn- 
m t  t o  Wi t  water loss and prevent viscous m e n c e  amist ion.  
Natural mmnerrt magnetization m s u m t s  w e r e  made on the Schoenstadt 
spinner magnetomter at OSU and a SCT cryogenic magnetmter at the 
University of Washington. Instrumental precision was -1%; h m r ,  due to 



m i d a b l e  viscous and storage e f f e s ,  replicability was usually 5% or 
better. 

Samples were prepared for &mica1 analyses by freezedrying and disaggrega- 
t i o n  in a ball mill, then pressing the pm&lred samples into pellets. S h c e  
the samples were undiluted, traoe elemnts could be mea%r& at concentra- 
t ions  of less than 100 parts per milkion. Qlemical analyses wem done on 
the Om X-ray f luoresence  (W) facility. Raw data w e r e  m l l e t e d  with a 
Phillips PW1600 X-ray Fluorescence Spxtromter w i t h  25 fixed e l m t  
detectors and 2 scanning LiF dstectors to  calculate X-ray background at each 
peak. Backgrounds were calculated frm apirical  relations established 
using blanks of different mean atomic mrmber kt- measured &&ground 
points and background at each peak. Backgrounds were stripped and the 
stripped data were  normalized to a monitor standard run bet- each sample 
to eliminate minor machine drif t .  Concentrations were calculated using the 
XRFllG prqram (Chriss Software) calibrated w i t h  over 100 NBS, U S ,  
Canadian, French, and South African geological standards, and mixtures of 
these standards w i t h  each other or CaC03. Precision based upon multiple 
measurmmts of an in-house sed i rm~t  standard was approxkmately 3% for Na 
and 1% or less for the other elements. 

The chemical data for each e l m t  were further corrected for parewater sea 
salt dilutf on (left in the sample during the drying process) by mawing C1 
content of each sanple and by assmhg that the wrewater carpsition was 
the same as seawater. A mass of sea salt was then calculated and concentra- 
t ions of each element were thm corrected for  dilution by the additional 
sal t  mass in the s q I e .  In addition, Na, MZJ, Ca, K, and S sea salt 
contributions were calculated and subtracted frm the raw elmental con- 
mtrations. We also corrected for calcite dilution in each w l e  based 
upon a normative calculation using Ca lDymormd et al, 1976) . The purpose of 
th is  correction is to remove the dilution effect of one of the major 
b i m c  conpnents upon e l m t a l  concentrations. The corrected data are 
reported in Appndix IX,5. 

-11-14 analyses *re mied out by Radiocarbon Ltd. on roughly 200 gn 
samples in 4 to 5 intervals frcrm 4 cores: L1, L8, L12, and W9. The samples 
were treated before analysis w i t h  weak phosphoric acid to remove calcite, 
The ages are thus derived E m  the organic fraction. 

111. RESULTS 

111.1 CORmG OPERATIONS 

On the R/V rn L6-85-NC cruise in 1985, 12 gravity cores were re-& fm 
the southern Gerda Ridge and Escanah Trough (Figure 2). Seven cores came 
from the ridge axis, one fran the east flank and four from the west flank of 
the Trough. Five cores were taken from the  northern ridge during the WECm 
W8508AA cruise (Figure 3) . In the north, one care was lccated at the axis, 



Figure 2 .  Location of gravity cores from the L6-85-NC cruise to the 
Escanaba Trough. Seven cores were recovered from the axial valley 
proper. 



Figure 3 .  The locations of the 5 gravity cores recovered during the 
August 1985 V 8 5 0 8 M  cruise ta  the northern Corda Ridge. 



two m fm an elevated bench on the eastern valley wall, and two were 
taken on an elevated bench at the Gorda FtLdgeBlanco Transform intersection. 

The overall l i t ho l cq  of tshe sediments from both the northern and southern 
Gorda Ridge is similar to other mine sedkmmts found off the Oregon 
margin. The sdmmts  are silty clays or clayey silts, usually classified 
as hemipelagic muds, or lutites. The surfaces of a11 the cores show the 
prwninerrt, cmmnly o b s e m  color change from b r m  to gray-green which 
marks the shift frm MI reduction to Fe reduction (Lyle, 1983) . The 
surficial brown layer usually had thicknesses of about 2 on, but in saw 
cases, was up to 10 an thick. 

mst of the material in the cores was fine-grained continental detritus w i t h  
a small, but significant fraction of calcitic and opaline bicqmic tests. 
Diatoms and radiolaria were the typical biogenic material preserved in the 
northern cores and the axial and eastern cores of the Escanaba Trough. Qn 
the west flank, calcareous microfossils kcame more abundant and domhanted 
the biogenic fraction. Calcareous microfossil abundances also varied 
dawncore, apparently in response to P l e i s t m  and Holocene climatic 
change. The downcore change in calcite abundance thus provides a mans of 
correlating cores on a regiondl scale. 

At the base of the cores fm the E s m a b a  Trough we noted a change in 
s d h a t  color and texture fm a mattled olive grey or dark grey mud to a 
more h m e o u s  darker grey clay. As discussed later, this lithologic 
change was also evidenced in downcore shifts in sedbmt chemistry, water 
content, and magnetization. Since the terrigen~1.s source for all of the 
s d i n m t s  was the Nom American land mass to the east, the litholqic 
boundary probably marks a major shift in sediment scpply associated w i t h  
climatic change at the end of the last glacial period, between 10,000 a d  
20,000 years  ago. 

Occasional s i l t y  laminated sections were f w d  in two  northern cores (W8 and 
W9), three Escanaba Trough cores (28, L12, and L11) and one core from the 
western flank of the Escanaba Trough (L7). These silt bands are probably 
flow deposits and, in many cases, turbidites. Their presence indicates that 
s m  s e d h m t  M e p s i t i o n  mmmd on the Gorda Ridge. However, because 
these silt layers were relatively scarce (except in L71, the dcaninant m o d e  
of sediment accumulation was mainly by passive hcmiplagic deposition 
processes, at least in the Holocene. 

Four silt-rich intervals were found in three of the Escanaba Trough ares 
EL8, 22-74 an; L11, 13-22 an; and L12, 38-53 m and 90-120cm). In L8, the 
sediments from 22-74 cm showed a series of laminations w i t h  a sharp bottom 
contact, suggesting a turbidite or a group of turbidites d-sited in short 
succession. Smear slides fmm this interval had silty grain sizes and, when 
compared to the north Cords cores, =re unusual in containing 30 to 35% 
volcanic glass and several per cent sulfides, including rare hexagonal 
sulfides which may be pyrrhotite. 



L12 contained two  urmfllal silty intervals at 28-53 an and 94-126 cm. BXh 
intervals were  silt-rich, and contained up to 25% volka~~ic glass and smral  
p r  cent: sulfides. From 28-53 cm, the sedimmts were better sorted and 
siltier than in the lower interval and hexagonal sulfides were observed. 
The 1-1" intern1 was marked by contorted S g .  The base of the uni t  
made a shar angular unconformity, tilted at -30 degrees, w i t h  the un&rlying 
honqmous grey d a y ,  possibly indicative of a slump deposit. 

On the northern Gorda Ridge, cores W8 and W9 contained the silty base of a 
turbidite at almW 130 m which is described in the -dices as a silty 
laminat& section. In W9, th is  interval &mds frm 223 to 130 an. Water 
contents, shown in figure 4, &fine the extmt of the clay-rich upper part: 
of the turbidite not easily remgnizable by visual examination. By this 
criterion, the turbidite &ends from 108 to 130cm. The turbidite is 
ccanposed primarily of terrigenous clastic material, 5-10 % basalt glass and 
about 5 % opaque material. 

Water content: profiles also delineate the turbidite intervals in the 
~scanaba Trough cores and be used to -te the lithologic change 
visible at the base of Ll, L5, La, E10, and L12. 

The Mtial magnetic susceptibility measures the response of parimragnetic 
and ferrimagnetic minerals to a mall amid field and is sensitive to the 
concentration and grain size of Fe-bearing rrcEnerals. Whole core sus- 
tjbility measurements for the cores from the Escanah Trwgh are shswn in 
Figure 5 .  All o f  tkbe cores in the central axial valley have magnetic highs 
at depths >I50 an I110 an in LIZ) , coincident w i t h  the lithologic change 
noted earlier. Core L7, taken in a deep sea channel SW of the mouth of the 
Escanaba Trough, has dawncore susceptibilities w i t h  high background levels 
and nm-erous large peaks which clearly correlate to coarse s i l t y  turbidite 
layers, presumably reflecting channelized transport. This core and those 
from the flanks and uplift& basins along the axial ridge, show no dear  
inter-core correlations. 

Core L8, located on the 40' 45fEJ dme, shows a series of large sus- 
t i b i l i t y  peaIcs from 10-75 on. These intemals contain numerous bands, 
mottles and s i l t y  laminations (see W d i x  IX.2, Core Descriptions). 
Similar behavior is not observed in the nearby L5 core, found on the axial 
valley floor, although I 5  clearly shows the l i t h o l q i c  change at 170 an. 
seen in the  other axial valley cores. 

The cores proxial to the 41' N volcanic center lL12, L10, L2, and Ll) show 
a degree of inter-correlation w i t h  magnetic ' eventsr near the surface a 60- 
80 cm depth (38-53 an in LIZ).  Nearby off-axis cores (L3 and L6) do not 
s h o w  similar behavior, suggesting that, if the core s d m n t a t i o n  rates are 
conparable, the source of the magnetic anomaly is confined to axial valley 



WATER CONTENT (%) 
Southern  Gorda 

Figure 43. Water contents from the Escanaba Trough cores. The water 
contenta can be used to discern tusb id i te  intervals  and t o  determine 
the level  of the lithologic change in the Escanaba Trough. 



WATER CONTENT (%I 
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Figure 4b. Water contents from the North Gorda Kidge cores. The water contents can 
be used to  discern turbidite intervals  and t o  determine the level af the lithologic 
change in the Escanaba Trough. 



sedkments. S h o e  Core I 5  is lomted between the two domes, the lack of 
obviws features in Core 15 which are conelable to Cores E8 and L l Z o h p l i e s  
that tip causes of the large susceptibilities in the cores on the 40 45'N 
and 41 N dares are distinct. 

Downcore profiles of natural m e n t  magnetization (NRMl intensities for 
individual sarrtples from the southern Go- cores (Figure 6) show essentially 
t h e  same behavior as seen in the whole corn susceptibility profiles. This 
indicates that the i n i t i a l  susceptibil i ty is controlled by ferrimagnetic 
minerals (e-g. ,  magneti tes,  e r t a i n  sulfides) rather than by pamagnet ic  
species, such as Fe-bearing days or pyrites. The NRM intensities clearly 
show the basal lithologic change in the axial valley cores; a correlable 
magnetic high a t  -60-80 an between L10, U, L1, and possibly, LIZ; and 
dramtic intensity highs at 35-50 m in L12 and 25-70 an in L8. 

with the exception of the large peaks 3x1 L8 and L12, M intensities 
(normalized by w e t  weight) of the cores frm the Escanaba Trough are very 
similar to the uppermost sections of cores taken along the 0-n margin. 
H m r ,  in the margin cores, Fe r&uction a d  subsqdent sulfide formtion 
causes dissolution of the magnetic fraction and large, sys t emt i c  NRM 
intensity decreases downcore (Karlin and fRVi, 1983; Karlin and m i ,  1985). 
In the Gurda cores, the lack of such downmm NFM intensity changes suggests 
that the s&ba ta t i on  regime in the Escahaba area is not subject to sulfate 
rectuctiwl at depth and is Less reducing than h the higher productivity 
regions nearer shore. Thus, diagenetic sulfides m i @ t  not be w e d .  

Downcore profiles of MW inclinations for  the varims cores are shorwn in 
Figure 7. Without demagnetizations to isolate stable c c q m m t s  of the 
m e n c e ,  WE hesitate, at present, to make interpretations of the darncore 
inqlination trends in term of intercore correlations or  t h e  scale  deter- 
minations. Howwer, certain features of the profiles are worthy of note. In 
cores L8 and L12, the zones of an&ously high intensities and suscep- 
tibilities md law water contents have no corresponding anomalous 
inclinations. The lack of inclination variations w i t h h  these sections is 
consistmt w i t h  & p s i t i o n  of the sulfidic, glassy silt as a turbidite 
rather than as mass slurp or debris flow. Wreowr, w i t h i n  the anomalous 
zones, the inclinations mnong and ktween horizons is essentially constant, 
suggesting rapid deps i t ion .  

Core L12, located on the flank of the volcanic edifie, shows large varia- 
t ions  in inclination which are s i g n i f i ~ t l y  different than expected at the 
site frm a geocentric axial dipole (60 1 or seen in the inclination 
profiles of the ether cores from t h e  axial valley. The ccanpass/tilt mter 
08 the core barrel apparently tripped properly an$ showed a dip of less than 
3 , suggesting that non-vertical core penetration was minimal. In the 
hcrmogenous grey clay found lbelow the steep angular ~ m n f o m i t y  at: 115-120 
cm, the mean inclination is re la t ively  shallow (-45 ) .  Whether this feature 
is to t i l t ing of the entire sedkmt c o l m  or a manifestation of the 
ambient geomagnetic f i e ld  w i l l  be unclear until we obtain dates on the cores 
and perfom the m s s a r y  demagnetizations. However, inclinations in the 
zone from 85-115 an h-ediate ly  a h v e  the unconfomity are highly disturkd 
and variable, while the NW Intensities are relatively low, Since the 
carbnate maxima found i n  the other cores (see EWhmt Chemistry) is 
missing here, this zone may represent a mass s l w i n g  event. The mean 
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Southern Gorda 

Figure 5a. Whole core magnetic eusceptibtlity mmtsurcsoente for the Estanaba Traugh corea. Turbidfte 
Intervals are marked by higher magnetic susceptibiliriee, as i s  the lirhologic change in the Escanaba 'S;ough. 



WHOLE CORE SUSCEPT I B I L I TY ( I oms emu/ Oe) 
Northern b r d a  

Figure Sb. Whole core magnetic suscept ib i l i ty  measurements for the North 
Gorda Ridge cores. Turbldite intervals are marked by higher magnetic 
susceptibilities. 
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Figure ba. NkH intensities i n  Escanaba Trough cores, normlited per  gram of wet sediment weight. The 
t u r b i d i t e  intervals show high NRM intensities, and in addition, a magnetic high  can be dfecerned in cores 
LlO, t 2 ,  and tl. This  high can be correlated with the turbidi te  interval i n  L12 between 38 end 53 em. 
Note: Difference i n  La horizonKa1 scale. 



mn INTENSITY emu/gm- w e t )  
Northern Gorda 

Figure 6b. NRM intensities in North Gorda Ridge cores, normalized per gram 
of wet sediment weight. The turb idf te  intervals show high NRM intensities. 
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Figure ?a. #IPI ineIinations (degrees) in bcanaba Trough cores. A disturbed interval can be 
discerned between 85 and115 cm in core LL2. 
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Figure 7b. NRM inclinations (degrees) in North Gorda Ridge cores. 



inclination in the tap 80 an is significantly steeper (-72') than the 
expxted dipole inclination and m y  be d w  to recent tilting of the sedi- 
ments after & p s i t i o n  of the sulfidic turbiciite. Thus, L12 m y  contain a 
record of tilting, mass slmping, and turbidite deposition, preswlably 
associated with uplift of the dome and deformation of the surrounding 
sediments. 

Bulk elmental concentrations in sedirrmts r e s u l t  frm the d x h g  of several 
classes of s e d h ~ ~ ~ t a q ~  w m n t s  during &psition. For certain e l m s  
such as MI, Fe, and S, post-depositional early diagenetic processes can 
modify,downmre primaxy abmdances through remobilization and precipitation 
reactions. At the Gorda Ridge the s&immts consist primarily of a mixture 
of clays and other altaninosilicate detritus, bioqenic planktonic material, 
and a small hydrothermal precipitate fraction. 

Characteristic e l m t s  are often assodat& w i t h  each class of sedhmtary 
material. For example, Al, Ti, Cr, and Rb are primarily associated with the 
detrital alm-hosilicate fraction, while Ca is typically assmiata w i t h  
calcitic bi-c debris. In addition, MI and S are highly enriched in 
hydrathermal precipitates. Other e l m s  often are Combhtims of more 
than one class. Iron, for exarp1e is one of the major capnerrts of hth 
the detrital and hydrothermal fractions, while Si is important in both the 
b i m i c  and detrital fractions. Since most terriqenws material in the 
Gorda area is derived from continental volcanic sowoes, differentiating 
primary local volcanogenic sources from detrital terrigenous sources by 
chemical means can only be done by examining variations in suites of 
elements rather than by using a single chemical tracer, 

fn the Escanaba Trough we can distinguish t w o  t p s  of detrital almninosili- 
cates and one possible biogenic elemental association based upon an 
elemental correlation matrix. Three gmups of elemerrtal associations can be 
distinguished all having intra-group correlations greater than 0.8 . The 
first of the detrital associations is the group of e l m s  typical. in 
f e l s i c  rocks: Na, Al, P, K, and Ti (Figures 8 and 9).  This qmup is 
enrim in the turbidites and in the P l e i s t w  s e d h m t s  w i t h i n  the lower 
lithologic unit. This group' s enriclmmt: in the turbidites seems due to the 
high abwdance of feldspars in the coarse fraction of Escanaba Trough 
s-ts and the sorting and concentration of th is  coarse fraction during 
turbidite tramp&. Apparently, the Pleistocene s x h m t s  (> l l ,Q00  yrs BI?) 
are enriched by irrputs from a continental source rich in these elements, 
since the average grain size o f  the Pleistocene sedbmts is finer than that 
of the Holocene section. 

The second group of elements m, Cr, Ni, %I, md Ba) is more mafic and 
shows high correlations to water content (Figures 10 and 11). Its enrich- 
mt in the Holocene section and water conteot: asstxiation suggests that 
these elemerrts are contain& in clay minerals, since fine-grained clays 
often have high water content:s. This conpnent is probably derivd from the 
ophiolites of southwestern Oregon and Northern California (Karlin, 1980). 
The third group of elements--Sit Cu, Ba, and Pb--may primarily represent 



CORE L6-85-MC 10 GC 

Group 1 Elemental Abundances (5) 

Figure 8 .  Group 1 detrital elements as determined by interelement 
eorreLatioas in core L10. The group consists of Al, K, Na, T i ,  and 
P and probably represents f elsic detrf tal material. 
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Figure 9.  Variation of Group I elements (here represented by sodium) 
in cores from the Escanaba Trough and North Gorda Ridge.  The Group I 
elements are,enrfched in the t u r b i d i t e  sections and in the lower 
l i thalogic  unit. 
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Group 1 1  Elemental Abundances 

Figure TO. Group 11 detrital elements, as illustrated by downcore 
elemental variations in  L10. The elements fn this group are Mg, Ba, 
Cr, Cs, Zn, Ni, Cu, and H Z 0  and probably represent more mafic 
detritus. 
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Figure I f .  Variation of Group 11 elements as represented by 
magnesium i n  the Eseanaba Trough and North Gar& Ridge cores. 
Turbldite intemals and the lower lithologit unit are marked by lower 
Group If concentrations. 



biogenic hpk of opaline silica, barite, and organic matter rich in copper 
(Figures 12 and 13). 

MI is a mre sensitive elemnt than Fe to redox conditions, and was typi-  
cally highest in the top most  sechimerrt samples (up to as high as 2% by 
weight) and decreased to low concentrations blow the top few centimeters 
due to the reductive dissolution of  MI(^ oxides. A distinctive hydrotkr- 
ma1 fraction of manganese and iron oxides and hydroqoxides could not be 
distinguished in Escanaba Trough sediments (Figure 14) , probably because of 
early diagenetic processes. MI and Fe oxyhydroxides can be easily reduoed 
during the oxidation of organic carbon in the surface sediments. KWn they  
contact oqqenat:ed b t tm waters within the uppermost s&hmts, the two  
elertmts m y  reprecipitate. Because of this process, the surface s d h e n t s  
at the Go& Ridge are enrim in manganese and may be enriched in iron 
(Figure 14, Appadix IX.5). It is more difficult to assess iron diagenesis 
-use a large amount of iron is fix& in detrital silicates and will be 
unaffected by d c t i v e  dissolution. 

Urge manganese peaks occur downcore in L8 and L12, bmdiately m a t h  the 
turbidite sections in each core (Fiqure 14). These high c o n e r a t i o n s  of 
mnganese are probably not due to hydrothema1 activity, but represent 
trapping of a surfam layer rich in mganese by the turbidite. In such a 
case, the surface layer is buried by the turbidite deeply enough to prevent 
its diffusive escape back to the ocean. 

Fram the evidence we have assembled so far, the sulfur record in the 
sedhmts  of the Escanaba Trough may presene a m r d  of hydrothermal plume 
activity in in Esmaba Trough (Figure 15) . Hydrothermal.  sulfur occurs in 
a re&& form, as sulfides, and will not he dissolved during the reductive 
diagenetic processes that destroy the MI and Fe records. The sulfur record 
m y  he confused, however, by d c t i o n  of porewater sulfate to a sulfide and 
its precipitation in the s d h m t s ,  In such a case, me would expect the 
s u l f u r  content of the sediments to increase downcore. As explained in the 
magnetics section, one would also expect Ehe ssdirent magnetizations to 
decrease m u s e  of the dissolution of magnetite and transformtion into 
iron sulfides. In the EScanaba Trough neither feature is &senred. The 
magnetization intensities, aside from 1itholqi.c changes, is roughly 
constant. Core profiles of sulfur skow paks rather than a monotonic 
increase. P a r t  of the variation of the sulfur records is due to the 
sulfide-enrichedturbidites in L8 and L12, but not a l l  the character of the 
records can be due to this. For exmnple, sulfur is higher than background 
s&hmtary d u e s  M a t e l y  below the turbidite in L8, as well as at a 
depth of 220 cm. In the n o m r n  end of the Escanaba Trough the records are 
marked by a single broad peak, whF& is roughly oorrelable. In the absence 
of evidence to indicate sulfate r-ction in porewaters, we interpret these 
sulfur peaks to hdicitte pzriods of high hydrothermal activiity . 
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Figure 12. Group XI1 elements in  core L10. The elements in t h i s  
group include Si, Ba, Cu, Pb, and Ce,  as well as H Z 0  and opal. Thls 
fraction may represent biogenic siliceous debris. 
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Figure 13. Variation of Group 111 elements in Escanaba Trough and 
North Gorda Ridge cores, as rapresentad by Sf. The Holocene 
intervals in a l l  the cores apparently are enriched in this  Group. 
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Figure 14a. Fe and Mn contents of Escanaba Trough cores. Normally these 
elements are diagnostic of hydrothermal events, Sediments of the Gorda 
Ridge are sufficiently reducing, however, that Mn has been reduced and 
remobilized t o  the sediment-water interface. Downcore Mn highs mark surface 
layers trapped underneath rurbfdites. Iron contents of the detrital 
fraction are sufficiently high to preclude interpretation of the downcore 
variation as a hydrothermal slgnal. 
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Figure 14b. Fe and k contents of North Gorda cores, Normally these 
elementa are diagnostic of hydrothermal events. Sediments of the Gasda 
Ridge are sufficiently reducing, however, that Mn has been reduced and 
remobilized t o  t h e  sediment-vater interface. Dmcote Fln highs mark surf ace 
layers trapped underneath rurbidites. Iron contents of the detrital 
f raetf on are sufficiently high t o  preclude interpretetfon of the downcore 
variation a6 a hydrothermal signal .  
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Figure 15. Sulfur contents of Escanaba Trough and North Gordn Ridge 
cores. Sulfur I s  elevated in  the Escanaba Trough turbfdite sect ions 
due to their enrichment in su'LEldes. Sulfur i s  also enriched 
damcore probably due t o  presenration o f  sulfur from hydrothermal 
plumes 



Whole core suseptibilities and NRM intensities for  cores W4, W8, and W9 
from the Northern Gorda Ridge are shown in Fi-s 5 and 6. As in the 
Southern Go& area, WM intensities are amparable to values fouha in the 
top layers of sedhmts from the Oregon -in. Similarly, a downcore 
irrtensity deccease in these cores is not &send; t he s fo re ,  redox cad.- 
tions in the N o r t h e r n  Gorda sedhmts do not seem to be conducive to 
d l a w i c  sulfide formtion. Also, susceptibility and NRM trends track 
each other well in each of the cores, suggesting that the susWlbilities 
are mtmlled by the ferrfmagnetic f a c t i o n .  

The NRM intensities and susceptibilities of cores W8 and W9 show similar 
downcore behavior. Intensities are law in the top 90 an of W8 and hl9, then 
increase. A large peak is assdated w i t h  silty layers at 140 art in W8 and 
120 an in W9, presumably due to tmbidite deposition (see Sdixmt 
Chemistry). Below these intermls, the magnetic properties show higher 
values than in the top of the section. Core W4 (0-110 an) has s M h r  
valves to the top 120 at of W8, perhaps implying a sawwhat higher sedimen- 
tation rate for W4, 

111.4.2 SEDIMENT = S W  

S d h m t s  in the northern Gorda Ri.dge have similar bulk chemical -si- 
tfons to cores fircan the south. The sme three qroups of elements, two  
detrital and one b i m c  can be obsewed here as well as in the south 
(Figures 8 through 13) . In the northern cores, howeyer, Ba and Zn are mch 

more strongly assdated w i t h  what m y  be termed the biogenic fraction of 
the sdimmts. Variations in sulfur content can also be observed in the 
northem cores, and are strongest in the axial core W6. Unlike the cores to 
the south, there is no sulfur signal associated w i t h  the turbidite in W9. < 
W9 has mch higher calcite at depth than the E s c .  Trough cores, but high 
calcite vdlues are not observed in W6. We believe that the lack of calcite 
variation in W6 is due to a much higher sedimentation rate than in W9, as 
will k discussed in the next section. 

3V. DISCUSSION 

W.1 m S  OF THE -A FUDGE S D m S  

Cores In both t he  norkhern Gorda Ridge and in the Escanaba Trough can be 
correlated by t h e i r  magnetic and chemical praperties. Correlatable layers 
in several cores w e r e  dated by C-I4 for an absolute time scale which can be 
compared w i t h  other stratigraphic methm such as 0-18 stratigraphy, 



The results of the radiocxbon dating are presented in Table 1 and in 
Figures 16 through 19. All the cores dated have non-zero age surfam 
-ts, a feature amion to C-14 dating of sediments where biotmhtion 
muses mixing of old and new carbon. We have e s t h t e d  surfam ages for 
each core (Table 1) based upon interpolation of sedjment-depth curves 
(Figures 16-19) to zero depth, assuming the ratio of new/old casbon ms 
constant through t h e .  The surface ages wee then subtract& fmm the raw 
ages at each depth to determine the actual age of deposition. 

In W and L8 from the Escanaba Trough, we f h d  relatimly -ant sedimen- 
tation rates outside of the instantaneausly depsitedturfsidite intends. 
The an&ously old s d m m t s  in Ll (Figure 16) d c h  w e r e  identified as a 
turbidite from their magnetic properties fits well w i t h  this interpretation. 
Turbidites are primarily older s d m m t s  which have been m:ked and 
redeposited. In L8 (Figure 17), we have dated the t h e  of deposition of the 
turbidite by dating the interval imrdiately underneath. After subtracting 
the surface age, m obtain an age of 2400 years before present for the 
event* 

Core 212 Figure 18) has the most catplicated age profile, wlrich fits w i t h  
the cmplexity of the palmqnetic signals in the core. The age profile is 
inverted between 81 and 95 an. This intern1 had an extreme amount of 
scatter in masurd inclinations and an anamlously shallow mean inclina- 
tion. ?3e interval above this section may have khaved as a relatively 
carptent slmp blmk that slid over and d e f o m d  the M a t e l y  mckrlyg  
s&hrents, If th is  hterpre ta t ion  is correct, the slurping occumed about 
1700 years ago. The turbidite at 40-50 an occurred -3000 years ago, based 
upon dating of the imnedlately underlying fntenml. 

We can extraplate ages of cormlatable horizons in each dated core to 
determine if the intenmls &ham as tine stratigraphic events (Table 2). 
Provided the correlation horizons am coeval, they can be used to establish 
a time franmmrk whi& can be extended t o  the undated cores. We have 
perfont& this extrapolation on two horizons that were evident in most of 
the cores in the area: the calcite increase and the underlying lithologic 
change t o  w o u s  grey clay. The results indicate that the horizons rnark 
time events, with the calcite horizon dating at -7100 years old and the 
lithologic Change at -11,000 years ago, i.e., the Pleistooene-Holme 
h d a r y  . We have used the age of the lithologic change to obtain average 
Holmme s edimentation rates (Table 3) . 

TV.2 l3vIDm OF V O ~ S M  ANP HYDFoTmmm ACTIVITY 

In the northern porkion of the Escanah Trough, the axial valley cores L10, 
L2, and LI show NFW and susceptibility highs, water content laws, and 
enridments in the elements Na, RL, P I  K, and Ti at -60-80 an depth. F;lhile 
them is no visual evidence of a lithology difference at this depth, water 
contents and elemental changes are consistent with this layer being a distal 
turbidite containing an enhand felsic cmpnent. Frm the depth of the 
layer relative to the surface, and the levels of the dawncore carbonate and 
lithologic changes, this layer seems to have been deposit& at the  same t h  



TABLE 1. RADfEAKPm x!z?l OF DAm SAMPLES 

DEPTH RADIOCAIIBON -AGE* ccmEmED 
X E  AGE** 

* Extrapolated r a d i e n  age for  freshly depstted sediment 

** Radi- age w i t h  zero age subtracted-the best estimate of 
actual age of smnple 
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7200 
6500 
7500 

7100 MEAN 

CORE SEDmmmrION RA!rE ( W l O O O Y R * )  

WITH TURBIDITES WITHOUT TmBIi3ITES 

* MEAN SEDIEKCAf ION RATE OVER HO- INETWlL (0-10,000 YRS 3,P. ) 



Figure 16. Age-depth prof i le  of gravity core Llbased  upon 
radiocarbon dating. Turb marks the depth of a d i s t a l  rurbfdite 
located by magnetics. Note the anomalous age of the sample in th l s  
interval. Ca marks the level of c a l c i t e  increase in the core and 
Lith marks a prominent lithologic boundary. 
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Figure 17. Age-depth pro f i l e  a£ gravity core L8. Turb marks the 
major tusbidita interval noted in the core descript ions.  Ca and L i t h  
mark the same boundaries as in core L1 



Figure 18. Age-depth plot of radiocarbon data fo r  gravity core 212. 
Turb marks a prominent turbidite from 38-53 cn in the core, while 
Lith marks the lithologfc boundary seen In a l l  Eacanabr Trough cores. 
Note the age inversEon at 81-95  em In a section with contorted 
bedding and anomalous magnetic inclinations, This unit has 
apparently been distorted by a slump deposit  sliding over %t. 
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Figure 19, Age-depth plot of radiocarbon data for core U9 on the 
northern Gorda Ridge. Mete the slooler overall medimentation rate. 
Ca marks the calcite increase noted also in the Escanaba Trough cores 
nnd Turb marks a prominent turbidite. 
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Figure 20.  A comparison of two turbid i te  seetlons in LB and L12 fxon 
the Escsnaba Trough t o  IJ9 from the North Gorda Ridge. All three 
turbidite sections are from local flows, but only L8 and W2 
turbldites a t e  related t o  volcanic centers. The three cores show the 
characterksr lr enrichment of f e l s i c  elements in the turbLdite 
sections and all have trapped a surface Mn-rich layer underneath 
them. Only the tusbidites associated w i t h  the volcanic centers are 
enriched in sulfides, however. 



i n  ea& of the cores, and in fact has the s m  radiocxtmn 3000 yr age in 
cores L12 and LI. Since the feature was isolated to the N o r t h e r n  Escanaba 
Trough, it seems reasonable t o  a s c r h  a local source for the turbidite. 

Core L12, located next t o  he 41' N done, possesses several interesting 
features. A t  40-50 am, the glassy, su l f id ic  silt zone has low water con- 
t a t s ,  an enrim Eelsfc c m m t ,  and l o w  inclinations w h i c h  are 
cogsistent w i t h  deposition as a proximal tubidite, presumably shed fran the 
41 N dcarre. On visual  examination, the sulfides occur both as discrete silt 
-sized particles and as inclusions in  volcanic glass. The hexagonal shape 
of som of the sulfide grains is suggestive of high temperature pyrrhoti te 
(Kissin and Scott, 1982). These features imply that the sulfides probably 
are derived fm a high tertp3erature h- source. 

Tbe interval from 85-115 on in L12 contains contorted e g ,  disturbed 
inclinations, sulfide peaks, and a lack of carbonate relative to L1, I2, and 
L10. We interpret this interval as a slurp deposit related to the nearby 
volcanic edifice. The loss of carbonate and the foreshortening of the core 
features relati- to the other cores suggests same erosion associated w i t h  
this event. The hase of t h i s  section is underlain by a sharp angular 
uslconfarmity with the underlying hmqmous clay k i n g  shallow inclinations 
by about 30 dqrees from the expected f ield.  Lacking gm>d time control and 
definitivr; intercore inclination correlations, w e  hesitate to ascribe too 
mch significance to t h i s  anomaly presmtly, but, if verified, L12 would 
contah a record of t i l t ing associated w i t h  the volcanic intrusion and may 
allow us  t o  date the men- of wents .  

Core L8, located next to the 40' 45' N dome, also contains evidence of a 
volcanic shedding event in the upper part of the core. This feature m y  
represent a large mass slurp or se r ies  of mass wasting events in rapid 
succession, because of the irregular lamhations and bedding, the thick zone 
of disturbance, and anamalously shallow inclinations.. The chemical charac- 
teristics of th is  event (s )  area similar t o  those observed in the 40-50 an 
interval of L12. Howwer, based on the carbonate stratigraphy, the t h i n g  of 
this event (at -2400 yrs BPI does not seem to coincide with the went 
recorded in L12. Moreover, core L5, located midway ktween the two 
edifices, shows no carrespondhg anomaly in eitherOmgnetics or lithology. 
Thus, this went may 3 been localized t o  the 40 45'N d m ,  and yMlnger 
than the event on the 41 N d m .  

We suggest that these Holocene turbidites or mass-flar depesits in the 
Escanaha Trough mark  periods of eruption and hydrothermal ac t i v i t y  at the 
different volcanic centers in the axia l  valley. The reasons we make this 
interpretation are first, flow d e p s i t s  frm different parts of the valley 
are local ly  confined. No single valley-wide event has been found, as would 
be expected with a major turbidity event from the walls of the Escanaha 
Trough or w i t h  one entering from the outside. Second, in the one flow 
deposit we believe we can correlate between 4 cores (LIZ, L10, U6 and Ll), 
the size and coarseness of the deposit decreases away frmthe 41 N 
volcanic center as would be expected if &t had originated there. Finally, 
f l aw deposits found proximlly to the 40 4 5 9  center and the 41° N center 
(cores L8 and L12) are enriched i n  sulfides (possibly, high t-rature 

pyrrhotite) and volcanic glass. The obvious source of the glass  and 



sulfides is the v o l m i c  center, most probably &ring the enaptive phase of 
volcanism. 

The mridmmt of the mse-grained sulfides and glass could conceivably be 
caused by hydraulic sorting during turbidite trbspork of old axial valley 
s d m m t s  not associated w i t h  a given volcanic event, However, there are 
several reasons why we feel that this interpretation less than satisfactory. 
Pyrohotite and other high temperature sulfides are unstable and rapidly 
invert t o  pyrite or oxidize, depending on geochemical conditions in the 
sdimmt.  These minerals are uncmon in marine w t s ,  and were  not 
observed elsewhere, either downcore or in other cores in the area. 
Furthermore, we can cmpare the turbidite in W9 on the N o r t h  Gorda Ridge to 
those in the Escanaba Trough, shce it i s  of similar s i z e  and its origin is 
local to the northern axial walley, though it is not near a volcanic center. 
As Figure 20 shows, the turbidity flow in W9 also concentrates the felsic 
(Group I) detrital cmpnents as do the Escanaba Trough flows in L8 and L12, 
but it does not contain elevatd contents of sulfur. Smear slides of the W9 
turbidite also showed 4 0 %  volcanic glass, as oompared to 25-35% glass in 
t he  Escanaba Trough turbidites. Thus, the simplest explanation for the 
sulfide and glass enridxwnts is that the source is a lmlly-derived 
volcanic w i t h  associatd high temperature activity. 

If the tuffaceow turbidity flows and other mass wasting events indeed mark 
eruption events, longer sedhmt records obtain& during future cruises 
should allow us to estimate the periodicity of volcanic eruptions w i t h i n  the 
Escanaba Trough. This information is critical for estimating the extent of 
possible polymtallic sulfide resems in the axial valley. 

IV. 3 P r n - m T E D  DEPOSITION m HYD- MATEKmG 

Rs discussed in the chwristry section, hydrothermal p l m s  may lea= their 
mark as daJnoore variations in sulfur, i f  not obscured by early diagenetic 
reactions (Figure 15) , If this interpretation is correct, sulfur profiles 
should record when high hydrothermal. activity has occurred in  the Es- 
Trough. 

The s-rn and northern parts of the Escanaba Trough, around the 40' 45'N 
and 41 N volcanic edi ficea, respectiwly, haw dif f e m t  records of plvme 
activity as well as different tuffaoeous turbidite records. As measured in 
core L8, there is a sulfur peak at 220 cm or mghly  15,000 years ago by 
radiocarbon dating. In addition, sulfur contents of the s d m n t s  are high 
imnediately under the turbidite sxtion and p2ak at 82 9. These sulfur 
increases may imply that hydrothermal ac t iv i ty  at the 40 45' N edifice 
increased immediately prior to a major phase of local volcanic activity. 
Such an increase would be expcted i f  surface volcanic activity were 
pre- by intrusion of hot rock at depth. Eased upon our correlations, 
the age of the increase in hydrothermal activity occurred at about 3000 
years ago, or about 600 years before the turbidite event, 



There is a peak in sulfur content in #e northern Escanaba Trough cores (Ll, 
L10, and LIZ) M a t e l y  abwe the lithologic change. Part of the m i -  
ness may be due to differing background sulfur contents in the two 
sedrimentary units or to variations in sedhmtat ion rates. In this case, 
low sulfur values below the lithologic change wwld occur because of 
dilution w i t h  material having low sulfur. However,  this hypothesis does not 
explain why the sulfur contents systematically decrease upcore after the 
i n i t i a l  peak. If further work mbtantiates that the peak is in fact due to 
an increase in sulfur deposition and not due a dilution or diagenetic 
effect, the dabs would suggest that a period of hydrothermal activity 
occurred at 41 N about 10500  yea^^ ago. 

Several avenues of future work are suggested by the 1985 studies we have 
completed. First and most important is to obtain mre and l o w  cores fm 
the Escanaba Tmgh. We do not y e t  have sufficient are -age to 
determine whether other Escanaba Trough volcanic centers have hm m t l y  
active, nor do we have 1a-q enough records to determine the pr imci ty  of 
volcanic activity at any of the domes. 

Studies of the sulfides and glass in the twidites should also prove 
frui t ful ,  to determine w k t h e r  different types of hydrothermal activity m 
bs discerned and to determine the evolution of volcanism at the ridge crest. 
In addition, it is at presmt unclear wha t  minerals in the turbidite 
sections give rise to the large magnetic intensities of the intervals. Mre 
wosk is needed t o  identify whether the signal arises fm oxides or sul- 
f ides. 

Our preliminary study of sediments in the Escanaba Tmugh has shown that 
there has been both volcanism and hydpthermal activity in the Last 10,000 
yeFs a t  two  volcanic edifices: at 40 45* N N t  2400 years ago, and at 
41 N about 3000 years ago. In  addition t o  these late Holmme events, 
there may have been another pgiod of low temperature hypothermal act iv i ty 
roughly 18,000 years ago at  41 N. At the edifice at 41 N, where we have 
adequate core coverage for carpr i son ,  the observed events can be readily 
correlated by both rock/palemagnetism and chemical analyses. We do not 
have suff ic ient  cores, however, t o  determine whether any of thz three other 
volcanic edifices are recently active .o We point out, however, that a 
turbidite o b s e m  in L11, near the 40 55' N edifice, may indicate recent 
ac t i v i t y  there. Wre coring is necessary to determine the extent and 
duration of hydrothermal activity and, hence, sulfide deposition, at the 
other dums throughout the valley. 
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IX. APPENDICES 

IX.1 CORE LOCATIONS AND RECOVERY 
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Name 

NORTH GORDA 
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Core No.h18508AA-5 GC 

Biogenous mat. Sheet A of 1 
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CORE LC&? W8508A 

Cora No. GC9 



L6-85-NC 

Cora No. GC 1 
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Bioqenous mat. 

GC2 
Core No. 



A 8iogenous mat. 



CORE L C ~ ~  
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CORE LOG 
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CORE LCG 
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CORE LOG 

L6-85-NC 

Core bJo. GCIO 



CQRE  LOG^ L ~ - $ ~ - N C  
Core No. GC12 

Sioaenous mat. 



Escanaba Trough Cores - Cruise L6-85-rsC 



CORE 

GC 6 
GC 6 
GC 6 
GC 6 
GC 6 
GC 6 
K 6 
CC 6 
GC 6 
GC 6 
GC 6 
GG 6 
GC 6 
GC 6 
GC 6 
GC 6 
GC 6 
GC 6 
GG 6 
GC 6 
CX 6 
cX: 6 
GC 6 
(32 6 
EC 6 
GC 6 
GC 6 
GC 6 
GC 6 
GC 6 
GC 6 
GC 6 
GC 6 
GC 6 
CC 6 
GC 6 
CX 6 
GC 6 
GC 6 
GC 6 
GC 6 
GC 6 
QC 6 
GC 6 
GC 6 
GC 6 
GC 6 
GC 6 
GC 6 

E s e  Trough Cores - Cmise L6-85-NC 

Am NO. DEPTH % WATER aRE Z41Xm. DEPTH %WATER 



Escanaba Trough Cores - Cruise L6-85-NC 

CORE ACC NO. DEPTH %WATER mRE A E  NO. 



Escanaba Trough - C r u i s e  L6-85-NC Northern Gorda - Cruise W8508AA 

CORE PhX NO, DEPTH % WATER CORE E N O .  DEPTH %WATER 

Water contents mculated f m  weights of chemFstry vials, according to: 

% water = (wet weight - dry might) / wt weight 

Water contents are not corrected for  salt concentrations. 



GOW3A RDQ3 P-ISM NRM DIRZCTIWS AND IMENSLTIES 

W(M Isrtensity in lom5 m/p w e t  

Escanaba Trough Cores - Cruise L6-85-NC 

COREDEPTH W D E Q l  J x L  M DEPTH SAMP DECL INa FIRM 





CORE DEPTH 



7 182.6 
7 192.6 
7 192.6 
7 202.6 
7 202.6 
7 212.1 
7 212.1 
7 222.2 
7 222.2 
7 232.4 
7 232.4 

coR?3 DEPTH 

9 3.4 
9 3.4 
9 9 
9 9 
9 15 
9 15 
9 20.6 
9 20.6 
9 30.5 
9 30.5 
9 40 
9 40 
9 50 
9 50 
9 59.8 
9 59,8 
9 71 
9 71 
9 79.5 
9 79.5 
9 89.8 
9 89.8 
9 99.5 
9 99.5 
9 110 
9 110 
9 119.7 
9 119.7 
9 130.6 
9 130-6 
9 140,5 
9 140.5 



Escanaba Trough Cores N o r t h e r n  Gerda Cores 

CORE DEPTH SAW DECL 





N o r t h e r n  Gorda Co 

a R E  DWTHSAMF DECL m a  NRM 

'res - Cruise w8508AA 



IX.5 BULK CHEMICAL ANALYSES 

ESCRNABR TRCiUI3H C6 - 05 - NC CORE 1 
ELEMEMTRL CGNCEMTRJLOIJS t SALT RND CFlRBONFlTE FREE 1 

NO. D E P T H N a  Mg A l  S i  P 8 K Ti Cr Mn Fr Co Ni Cu En Rb Sr Ba Ce Pb CaC03 Salt el-H2O SumOn 
1 x s x x % Y % s ~r % PP pvm PW pvm PPM P P ~  P P ~  P P ~  ppm * % x % 

*Card calculated from C* abundanccs, assuminp 8.7% nanearbo~te  Ca 





ESCRNABA TROUGH L6 - 85 - M: CORE LlO 
ELEMENTAL CONCENTRRTI(INS ( SALT RND CARBONATE FREE 1 

Nu. DEPTH Na Mg 81 Si P 5 K T i  Cr Mn Fe Co Mi Cu Zn Rb 5r  Ba Ce Pb Opal Cam3 Salt I 
=A Y % % Y ;r X X $ X * PPm PPm PPM PPm PPm PPm PPm PPM PPm Sinz(*l X X 

4CaC03 calculated from Ca aburtdanees, rssumfnp 8.7% noncarbonate Ca 

0.  BT6 
b.0lB 
El. 01 B 
6.018 
0. @?GI 
0.619 
8.820 
0.62% 
a. B a d  
8 . 8 2 6  
8. Q26 
0.028 
B. PI9 
0.019 
6.017 
6.017 
0.12120 
0. 026 
8.028 
0. P20 
B. 028 
B. BFB 
6.019 
6.126 
B. 020 
8. 0 . 3  
B. B?B 
0.019 
8.819 
0.613 
0.618 
8.010 
0.816 
8.014 
0.113 
6.014 
1.013 
41.014 
8.813 
0.0 13 
8. R13 
8 . 0 1 3  
6.013 
B.016 
0.014 
0.014 
0.014 
8.614 
B. BL4 
6.014 

t. 815 
0.1319 
0 . l B 2  
lB.215 
l. 232 
B. 234 
6.231 
8.228 
6.205 
0.194 
Pr. la4 
0.166 
8.164 
0.153 
8. 170 
0,162 
6. 108 
PI. 183 
6. 182 
Q. 189 
0. 148 
6.158 
0. 168 
0.193 
0. 192 
0.192 
0. 2P1 
8.192 
8. 162 
a. 153 
0.144 
0.157 
0.157 
0.153 
0.147 
0. 145 
0.14 1 
0. I39 
8 . 1 4 1  
B. 134 
6.133 
8.138 
6.133 
0.229 
0.149 
8.136 
8. 133 
6.132 
0.  129 
8.128 

JI 118 I12 173 107 315 1623 506 40 
32 143 132 210 i l l  296 2466 578 46 
32 141 141 Z26 114 279 2344 $84 48 
36 176 149 243 114 268 2529 538 41 
36 131 180 286 12B 256 2848 654 43 
33 185 145 277 118 253 2911 692 42 
39 267 161 297 115 250 2963 657 39 
36 202 160 296 111 253 2756 610 40 
37 1B5 123 279 114 243 Z745 625 36 
35 230 134 291 116 255 2733 630 3 4  
39 131 161 281 118 256 2 7 4 8  621 39 
33 184 147 265 115 245 2806 648 34 
57 169 144 265 If4 262 2413 585 38 
4 1  169 142 218 116 288 1975 518 43 
35 184 129 223 I f 6  382 2005 532 44 
33 174 t30 205 118 5?2 1753 497 45 
38 I89 143 283 114 262 2648 GZ6 34 
38 198 147 305 113 258 2684 El3 32 
39 197 146 278 117 262 2617 60s 36 
39 199 141 279 119 256 2501 608 38 
36 189 112 244 113 225 2420 534 32 
37 2QB 165 286 111 2 4 4  2531 6J0 32 
35 19Z 142 2A3 114 264 2649 615 34 
37 135 142 269 110 25B 2533 585 35 
36 2i3 129 Eel 116 277 2437 585 35 
32 183 129 279 115 308 2422 53@ 36 
38 188 127 277 b15 298 2311 584 38 
31 192 126 244 115 360 2049 563 55 
46 195 139 251 118 236 2144 563 34 
41 195 131 e m  117 3a4 22as 563 31 
42 182 111 224 117 313 1931 521 31 
45 166 123 222 116 269 1793 495 36 
46 131 103 162 119 272 1397 439 27 
46 117 94 169 123 306 974 365 26 
4W 1P0 69 150 116 313 957 383 24 
42 81 93 153 122 312 935 384 26 
41 85 07 147 121 313 975 364 27 
41 86 92 145 116 315 927 373 25 
41 86 91 154 124 314 926 368 25 
39 82 81 550 126 322 942 378 20 
4E 84 90 150 123 318 953 37@ 26 
37 78 78 151 123 321 972 379 20 
4 4  8 B  99 151 125 323 903 365 27 
45 lA2 89 f 72 t28 299 1324 434 20 
44 106 963 164 135 ,321 1835 332 2s 
44 97 89 159 132 319 1066 399 27 
43 90 ,91 154 135 324 tOlEl 277 29 
42 87 82 155 133 325 1011 383 23 
42 88 79 151 13Q 321 1873 484 26 
39 86 86 156 128 318 965 367 26 

11.50 
13.60 
14.20 
13.50 
13.88 
13.40 
13.90 
13.QQ 
12.59 
11.30 
11.90 
1t.PQ 
16.80 

9.0B 
9.70 

1B. 50 
9.86 

10.70 
10. BB 
IQ. 40 
9.50 

10.58 
10.SB 
T0.1Q 
9.96 

10. iQ 
18. PO 
11.16 
1 8 . 4 0  
0.50 
B. 20 
7.58 
7.68 
4.40 
4.60 
4 - 2 0  
4.20 
5.50 
5.18 
5.76 
6.00 
5.8@ 
6.70 
7.16 
5.70 
5.60 
5.78 
5.40 
5. lpl 
4.96 

69.10 38-40 
73-28 98.0Q 
73.86 98.76 
71.70 38.70 
76.48 98.70 
75.60 9A.(?0 
75.48 '39.130 
54.98 98. !@ 
75.50 97.7@ 
74.6m 97.8~ 
74.m 9 S . 2 A  
72.PP 98.5V 
72. E A  98. 1C4 
?@.a0 se,em 
67.10 97.3F 
67.78 98.08 
68.38 90.00 
76.sm 9 t l . i ~  
7P. 7@ 9 B . M  
71.11 9n. ra 
7 f , 4 0  97.90 
69. J B  94. @O 
60 .86  7 7 . X  4 
63.33 97. ,?t? 
72.78 97.76 
67.2P 97.38 
67.18 96.60 
69. %b 91i.60 
71.10 9R.80 
79.36 97.944 
6&.Pa 37.10 
Gh. lF,I 9B. .?@ 
63.76 93.8;0 
57.88 93.34 
58. 18 93.90 
59.10 1BY.50 
56.80 1 @a. 78 
S5.10 lorn. lP 
54. qm lna. ;-a 
5Z.86 99. -30 
5S.9D IPP.30 
52.46 9 3 . 3  
55.m tno.4u 
59.48 99.78 
5 4 . 9 6  166.33 
56.40 101. Bd 
55.7C 1BI.OM 
54.58 Cc?l.rrm 
56.4@ ILI.1P 
52.40 10@.3! X 
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I 
C3 
h 





NORTHERN GORDA RIDGE U8568AR CORE U6 
ELEMENTAL CONCENTRRTIOHS ( SALT OND CFLRBaMRTE FREE 1 

HD. DEPTH NA MG RC SI P S K T I  CR MM FE CO NI CU ZN RB SR BR CE Pi3 CaC03 SALT CL-H2O SUM OX 
1: X X * x X 1 x Z X PPm PPm PPW PPM Ppm PPM PPm PPm PPm X % % X 

8.186 
P.C95 
8 .  114 
0.1 Pb 
6. 114. 
0.131 
8.184 
Pr. 200 
B. 2BB 
a. ear 
8.215 
6.197 
6. 195 
8.193 
0. 139 
6.248 
0.155 
0.223 
0.175 
6.253 
8.305 
6.260 

*CiC03 calculated from Ca abundances, assuming 9.71 noncarbonate Ca 



MORTHERM WRDCl R I D E  Y8SBBW CORE H9 
ELEMENTRL CONCENTRRTIONS I SRCT C\ND CARBONnTE FREE ) 

B84 
0.070 
PI. A69 
0.668 
0. @fie 
8. a6n 
8.168 
0.069 
0.072 
8.07 1 
0..@71 
6. 'a74 
6.075 
8. p175 
0.076 
0.076 
0.077 
B. 078 
8.073 
0.079 
8.079 
6. 082 
Q. CBS 
0. @a@ 
0.0R6 
8.034 
B. 
8.097 
0.081 
I. PI32 
0.183 
8.683 
0.000 
a. 180 
@.Bat 
0.075 
8.677 
0,874 
0.678 
8.078 
QI. P78 
0. B81 
a. 075 
0. 075 
a. 874 
0.672 
6.872 

2768 
2802 
27% 
ecia 
2JBL 
2462 
2454 
2348 
2121 
21 L6 
2836 
1775 
1879 
19541 
19Pr3 
1927 
f 984 
1851 
1986 
1760 
1682 
1612 
1512 
1668 
1074 
838 
833 

153s 
1452 
1476 
1501 
1529 
ltlB 
171 1 
1748 
1764 
1657 
1645 
1d07 
169.2 
IE6'3 
! $03 
17PS 
f 678 
IECJ 
1578 
16ZZ 

1161 22 8.00 8.60 7P. 48 
1163 el a . 1 ~  7.9~4 78.40 
1531 38 8.3Q 7.90 70.60 
1Z51 21 B.lQ 5.@R 7B.70 
ilia 25 0.2Q 7.PQ 67.L0 
2695 31 0.60 7.Z0 6B.40 
t227 44 0.20 6.68 6L. 4@ 
1165 38 6.40 6.81 67.00 
1357 21 1.90 7.4s 67.@0 
1278 29 i .ee 7,ae sa.m 
1086 i27 1.60 6.60 66-32 
983 3s 2.30 7 .68  69.56 

1046 29 2.70 7.16 69.18 
1345 19 3.38 7.9B 7b7.30 
l ? l Z  4.40 7. 10 67.76 
1180 27 4.48 7.96 70.40 
if37 34 4.50 7.40 &&?a 
1284 35 5.10 7.40 69.m 
146e 33 6.80 8.10 71.10 
tlB1 23 8.70  B.10 f1.QP 
ti13 38 9.21 9.38 74.13 
1255 31 0.eB 8.30 71.50 
1395 42 10.80 7.70 69.70 
1394 26 B.4B 6.5m 66.@0 
1221 37 5.80 5.76 62.58 
854 30 4 . h l  4,30 55.76 

1856 32 4.Z0 3.81 ST. t B  
1.209 *1 13.1@ 6.90 67.26 
1ZBO Z2 12.10 7-20 6P.29 
1190 el 12.4~ 6.70 a6.m 
1245 19 1B.W 6.80 &.P@ 
1166 21 11.50 6.96 67.56 
It57 26 1I.SB 7.4P 64.98 
1187 26 12.56 7.28 €0.56 
1256 39 fQ.80 7.70 69.70 
1254 37 9.70 7-50 69.?0 
1173 49 7.78 7.37  CP.FC 
I247 24 5.80 7.30 64.56 
1198 21 7 . W  b.PP tJ.PO 
1136 19 6.90 8.18 i@.?a 
914 i*& S.Pd 7.39 69.40 

1219 28 6 .40  7 . E P  GB. 30 
1316 33 7.Q8 7.88 7P.20 
1149 25 5.70 8 . f B  71.11 
1@87 23 5.40 6.48 65.61 
938 18 3.38 8. t0 78-31 

1133 28 S.1P 6.7B 66.?:? 

*CaC03 calculated f rom Cm abundances, assuminp 6.X nancarbonate Ca 
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