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Recent studies have provided evidence that submarine groundwatleajs is a signifi-
cant source of water and dissolved nutrients to the coastal oceanh&iméoal implications
of these studies are especially important because, relative to surféele graundwater is
typically enriched in many compounds including nitrogen bearing nutrientsrefbre by
affecting the supply and relative proportions of essential nutrientsstdjreundwater dis-
charge has the potential to influence phytoplankton populations andiesteansystems
as a whole. Another potential submarine discharge that may occur in thevshestricted
waters of the Texas coast is leakage of oil-field brine. Such leakagenatsimportant
ecological implications similar in some ways to groundwater discharge. Thieestundthis

dissertation concern improving the methods and techniques used in measusmgrine
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discharges. Using the Texas Coastal Bend as a study area | hawendlicted a detailed
evaluation of submarine discharges to Nueces Bay and 2) comparedtimascaf sub-
marine discharge between Nueces, Baffin, and Copano Bays. Thestigations use a
combination of geochemical and geophysical techniques. The geochengtteods are
based primarily on measurements of naturally-occurring dissolved Ra e®iogamples
of bay, river, ocean, and groundwater. The geophysical methogdog electrical resis-
tivity profiling to look for evidence of groundwater movement within the bay lbratsed-
iments. Results show that dissolved radium concentrations within NuecearBaynong
the highest observed in coastal estuaries. Geochemical analysis @pltygieal surveys
indicate that both groundwater and leakage of oil-field brine are poteniharine in-
puts. Samples from Nueces, Copano, and Baffin Bays show that tbens¢ancrease in
dissolved??SRa activity for Nueces Bay is substantially larger than that of the other two
bays. This increase is not readily explained by either evaporationanne supply. These
results clearly suggest that the Ra supply to Nueces Bay is unusually Fengiueces Bay,
the most relevant differences between the three bays that might adootins are 1) the
proportionally larger salt marsh and 2) the higher density of petroleum aetlgipelines.
Though submarine groundwater discharge is not to be ruled out, leakanjefield brine

is strongly indicated.
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Chapter 1

Direct Groundwater Discharge to the

Coastal Ocean

Direct groundwater discharge to the coastal ocean occurs as subrsagps and
occasionally springs. These discharges occur most frequently atamggo the shoreline
but are also known to occur quite far offshokafpen et al., 2004). These discharges are
largely unseen and difficult to quantify. Consequently, this submarine coemt of the
hydrologic cycle has historically received little attention. However, recenterns about
coastal water quality have prompted increased interest in characterizihguantifying
this submarine groundwater discharge (SGD) and its biogeochemical imphis#tioore,
1999) (Figure 1.1). Numerous studies based on direct and indirecuineeasnts have now
provided evidence that the exchange of water between coastal sedandrsisrface waters
can be a substantial fraction of surface freshwater inflow (8agy et al., 2001;Bugna
et al., 1996;Cable et al., 1996;Charette and Buesseler, 2004;Charette et al., 2001, 2003;
Gramling et al., 2003;Kelly and Moran, 2002;Laroche et al., 1997; Moore, 1997; Scott
and Moran, 2001;Sewell, 1982).



Johannes (1980) was one of the first researchers to discuss groundwatepas a
tential pathway for nutrients to coastal estuaries. Because groundwatfen enriched
in natural and anthropogenic nutrientsréitler and Jones, 1975), SGD may be ecologi-
cally important even where discharge rates are small compared to simfads Burnett
et al., 2002). If SGD does represent an important control on estuarindtgadimd chem-
ical cycling particularly nutrients then it is reasonable to expect that SQiamycs and
distribution may also affect ecosystem processekannes, 1980). Two widely expressed
concerns are that 1) anthropogenic increases in groundaler concentrations are par-
tially responsible for the increasing eutrophication of coastal waters {etgnnes, 1980;
Larocheet al., 1997;Valiela et al., 1992) and 2) fluctuations in SGD rates or water quality
are related to the initiation of nuisance algal blooinar¢che et al., 1997;Sewell, 1982).

Perhaps the most widely discussed hypothesis related to SGD is that sttty
associated nutrient flux may initiate algal blooms. There is some indirect @adenthis.

A statistical review byLaroche et al. (1997) of 11 years worth of Long Island (NY) well
water levels, coastal salinities, nutrient levels, and cell counsiaococcus anophageffer-
ensindicated that brown tide bloom intensity was inversely related to well watelslewl
directly related to coastal salinitiekaroche et al. (1997) hypothesized that drops in SGD
caused a decrease in the ratio of DIN to DON malédngnophagefferens more competitive
and contributing to bloom initiation. However subsequent efforts to examaadtual de-
livery of nutrients by SGD have been unsuccessful. The three pepeesved by the author
that specifically looked for a spatial relationship between SGD and wal@moonutrient
concentrations found no significant correlati@hérette et al., 2001;Nowicki et al., 1999;
Rutkowski et al., 1999). Itis likely that this is partially due to the rapid and intense biologic
cycling of dissolved nutrients but it is also a reflection of the current limitateomd real

challenge of identifying and quantifying the actual fluid discharge itself.



Most studies have relied on chemical tracers or direct spot measureaie@sp-
age to estimate SGD. Natural chemical tracers of SGD such as Ra isotopes)d®Hy
can be used in a mixing model to estimate SGD to large afeaisd et al., 1996;Charette
et al., 2001). Alternatively, point discharge measurements collected with geapaters
(Figure 1.2) can be spatially averaged to estimate SCGablg et al., 1997b). While both
approaches have their merits they typically result in large uncertaintiey. arbelso diffi-
cult to relate because estimates from chemical tracers cannot pinpoint éotcdischarges
while estimates from seepage meters can miss significant discharges altodratiadly,
unless coupled with supplemental measurements both approaches lacledHiigpto
distinguish between different kinds of submarine discharge (e.g., dveater advection,
seawater recirculation, oil-field brines).

One goal of this dissertation has been to develop a more robust appcoqohn-
tifying SGD using 1) a combination of regional, local, and small scale investigati®)
novel applications of supplemental measurements such as sedimentitggistifiling and
chemical tracers of oil-field brine; and 3) natural experiments examiniaggds in bay Ra
activities in response to seasonal freshwater flushing and along ipa#ioip gradients. The
other goal of this dissertation was to quantify SGD to Texas Coastal BescHoa estuar-
ies which are hydrologically distinct from previous areas where SGIbaans investigated.

The hypotheses tested are:

Principal: The Ra activity of Texas Bend bays and estuaries is partially attributable to

SGD.

Secondary: The spatial distribution of SGD within these bays is heterogeneous and in-

creases towards the shoreline.

Secondary: The Ra activity of Texas Bend bays and estuaries is partially attributable to

leakage of oil-field brine from submerged petroleum wells and pipelines.
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1.1 Quantifying Submarine Groundwater Discharge

Submarine groundwater discharge (SGD) is a mixture of both fresh ageround-
water (AGW) and saline recirculated seawater (RSMOd@re, 1999)! There are three basic
approaches to quantifying these fluxes including hydrogeologic modealire;t seepage
measurements, and chemical tracer measurements coupled with mixing nifwfekstt(
et al., 2002;Oberdorfer, 2003). These methods do not all measure the same components
of SGD and are not necessarily directly comparable. Hydrogeologic Imgdeas typi-
cally been used to estimate the AGW component of SGD. More recently, iadahsity
groundwater transport algorithms have been used to include both AGVR &ki¢dl compo-
nents QOberdorfer, 2003). Seepage meters are used in relatively small areas where SGD
is already known to occur. Seepage meter measurements reflect totalifS@daharge
salinity is also measured then the RSW and AGW components can be also be ektimate
Chemical tracers are the most common approach because they can beest@date SGD
to large areas. Chemical tracer estimates generally reflect some combirfad@Wband
AGW discharge depending on the specific tracer. Table 1.1 lists the pegvéesed for
this study and the methods they employed.

Estimates of SGD are theoretically possible if the nearshore hydraulic gtadid
sediment permeability are well knowi\gight and Sonderegger, 2000). In practice ob-
taining the necessary data in other than the first few meters of sedimeiresegxtensive
drilling, geophysical surveying, or extrapolation of sparse datmgevin (2001) used the
USGS SEAWAT variable density groundwater transport code to model $6&) to Bis-
cayne Bay Florida with mixed results. Both a regional 3D and local-scale étfical

models were developed assuming steady state conditions and homogegeiterschar-

1In this dissertation salinity (S) is reported using the Practical Salinity Scal@®§ (PSS78). This salinity
scale is based on the ratio of two conductivities and is therefore dimenssofiéson, 1998). However this
scale is considered functionally equivalent to salinities expressed inlraass concentration units (e.g., g/kg
or %o) such that S=34.75 (mean ocean salinity) is equivalent to 34.75 g/84). 88/o.
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acteristics. While the variable density transport code was capable of estinatih the
AGW and RSW components of SGD the accuracy of the estimates are diffi@avialaate.

The models did not accurately simulate the groundwater salinities beneatlyisBay

as observed in monitoring wells, and seepage meter measurements weareegsful, so
independent discharge estimates are unavailable. Additionally surfaiferagcharge rate
and the terrestrial boundary groundwater flux must be estimated and ufferagydraulic
parameters adjusted to calibrate the model water table elevations to monitoringatesil
levels Langevin, 2001). Similar boundary conditions and calibrations are necessary in mos
if not all hydrogeologic models and introduce considerable uncertaintyeinisults.

SGD can be directly measured at the sediment/water interface using asesgiag
(Figure 1.2) (e.g.Burnett et al., 2002;Cable et al., 1997a,b;Michael et al., 2003) which
collects seepage through a small area of the sediment. Seepage meteisrirgdasive
and have an inherent bias which underestimates discharge due to thesettteydraulic
friction associated with the meteCéble et al., 1997a). Further, because SGD is frequently
heterogeneous, seepage meter results exhibit large varialdiliohdel et al., 2003) and
only limited extrapolation of results to larger areas is possible.

Chemical tracers provide an integrated spatial signal allowing quantificait®@ D
throughout entire bay systems (e@ableet al., 1996;Charette et al., 2001;Corbett et al.,
2000;Hussain et al., 1999;Kelly and Moran, 2002;Krest and Harvey, 2003;Krest et al.,
1999;Rama and Moore, 1996;Schwartz, 2003;Scott and Moran, 2001). The ideal chemical
tracer of SGD is a dissolved constituent that 1) exhibits a substantial everthn ground-
water relative to other potential source waters (e.g., seawater, river,wain, and runoff)
and 2) behaves conservatively within the coastal z&erette et al., 2001). Radon, ra-
dium, and methane are the tracers most commonly used. Radion-222 is peldssss to

the ideal, because it is highly enriched in groundwater, as a noble gémtexiery conser-



vative behavior, and is relatively straightforward to meas@able et al., 1996). Its inter-
pretation is complicated slightly by the need to account for gas exchaitiea, 2**Ra,
224Ra, and??3Ra are also powerful tracers of SGD because they behave consetyativ
brackish and marine waters and are enriched in groundwiétest(et al., 1999). They also
provide a means of estimating bay residence time and tidal transport whicsseatial
to properly modeling Ra mixing within a study argahrette et al., 2001). Methane is a
product of anaerobic decay and is found in high concentrations inagmundwaters with
sufficient organic matter for methanogene&sdna et al., 1996). Methane concentrations
in groundwater range from 0.1 to 63@A/, river water contains 0.0048 to 501/ (Bugna
et al., 1996), and seawater has a concentration of 0,Q02(Kehew, 2000). Methane how-
ever is subject to microbial uptake and production and is not strictly coathes. It is
usually used in conjunction with other tracers because it is relatively eamyalyze (e.qg.,
Cableet al., 1996, 1997aSwvarzenski et al., 2001).

The studies in this dissertation rely on Ra isotopes as chemical tracers off®@D
four naturally occurring Ra isotopes are members of the three long lividaetive decay
chains and are each the daughter nuclides of Th isotopes (Figure 1.Bjle T readily
adsorbs to particles Ra is much more soluble. As salinity (S) increases ®R@parinto
the dissolved phase; at$ Ra desorption is nearly completérést et al., 1999). Brack-
ish groundwater has the highest Ra activities typically found in surfadenaar surface
waters due to the presence of Th in the aquifer matrix. In surface wateslittle Th is
produced by decay of the traces of dissolved U is scavenged by paudictetransported
to the sediments. Consequently there is little Ra production in surface waténeangen
ocean has low Ra activitieK(est et al., 1999). On the other hand, Ra is also very high in
oil-field brine (produced water). In the recent past oil-field brine veaginely discharged

to surface waters. That discharge has stopped but leakage of oibfieéfrom submerged



petroleum pipelines and wells could still be contributing substantial Ra in cente@s such

as the Texas Coastal Bend.

1.2 Study Area: Coastal Bend of Texas

The Texas Coastal Bend is distinct from most areas in which SGD hasriesn
tigated. Tidal range is small or the order of 15-30 cm. It is semi-arid. Aheneporation
typically exceeds precipitation which is seasonal and driven by summedénstorms,
tropical storms, hurricanes. Topographically the area is relativelydiatdaches elevations
>100 m at the western extremes of the watersheds. The coastal plain iy €ighated (10

m) above sealevel and the major river valleys.

1.2.1 Nitrogen Budgets, Groundwater, and Ecology

In many areas the dissolved nutrient concentrations of groundwatsigaiécantly
higher than those of regional surface waters. This can occur natallyfiltrating water
leaches nutrients from decaying organic matter within the overlying soil. Aljui@al ac-
tivities and septic systems also contribute significant amounts of nutrientgndie- ,
to groundwater$ewell, 1982). Since nitrogen is often a limiting nutrient in coastal waters,
increases in the nitrogen concentrations of discharging groundwatehasa ecological
consequences and is thought to be a potential contributor to the eutridhioh some
coastal watersJphannes, 1980).

The Texas Coastal Bend has experienced problems associated witbhégtion,
specifically loss of seagrass and blooms of harmful algae such as ths bexwn tide
Aureoumbra lagunensis (Buskey et al., 1998). Brock (2001), after attempting to develop a
detailed N budget for Nueces Bay, noted that for each of the foulsymamined the N
exported from the bay was greater (>30%) than the estimated N iBpotk (2001) con-



cluded a partial explanation may be supply from SGD. NuecesNBay concentrations
average 4.6 (max. 23)M (Pennock et al., 1999) which is relatively high for surface wa-
ters. In contrast, wells in the agricultural areas of Nueces and Sani@aiignties have
been found to hav& O, concentrations as high as 22-30/ and several have concentra-
tions greater than 60M (Texas Water Development Board, 2005a) — some of the highest
groundwateNO3 levels within the state of Texasi(idak, 2000).

1.2.2 Hydrogeology

The Texas coastal plain is the result of Cenozoic sedimentation from fldeiaic,
and marginal marine environments. During the Pleistocene, the frequeanddall of the
sea level resulted in shifts of the shoreline accompanied by erosion dagastion of
sedimentsTunnel, 2002). During this time the coastal rivers changed their course and de-
positional patterns in response to climatic shifts which has resulted in a lastea¢idraphy
of modern and paleo-river alluvium (e.gibdullah, 1995). The result is an interfingering
of beds and lenses of silt, clay, sand, and gravel with a potential rafy@liaulic conduc-
tivity of over ten orders of magnitudd @2 to 10~!! m sec!). This type of depositional
environment is thought to form a network of subsurface conduits framtbst permeable
facies Chapelle, 1997) creating a heterogeneous aquifer and controlling the grotedwa
flowpath Bersezio et al., 1999).

Geologic units in the area known to contain fresh to slightly saline water are, in
order of decreasing age: the Goliad Sand, Lissie Formation, Beaumopth@laier is-
land deposits, South Texas eolian deposits, and river alluviRyaief, 1996;Shafer, 1968).

The most productive portions of these units are the Chicot aquifer in taerBent Clay and
Lissie Formations and the Evangeline aquifer in the Goliad Sand (Figure Tt deposits

are a series of clastic wedges that thicken and tilt southeastward to thef®lékizo (Ry-



der, 1996). Erosion of the uplifted landward portions of the clastic wedgewsltecharge
in the exposed permeable sands north and west of San Patricio andshgeggies. In
addition the Chicot aquifer receives diffuse recharge in areas wherBeaumont clay is
absent and the sands beneath are exposed.

Groundwater in the region is present in both unconfined (water tabley@mfthed
(artesian) aquifershafer, 1968). A review of Texas Water Development Board (TWDB)
well records finds numerous entries such as “well formerly artesiat™ao longer operat-
ing due to increased total dissolved solids” which illustrates how the hydiptassure in
the confined aquifers of the region has decreased during the perredafl (1920-2002)
(Texas Water Development Board, 2005a). Today shallow wells in the unconfined aquifer
often have total dissolved solids >1000 mg/lI and are unsuitable for hunreuieption;
instead the water is used for agriculture and livestock. The deepemedndiquifers in
the region are used by municipalities such as Kingsville. Industrial activitigson both
the unconfined and confined aquifers. Corpus Christi and most ott&rdaunicipalities
receive their water from surface reservoirs on the Nueces River.

In unconfined or phreatic aquifers the waterlevel and thereby thehiidigradient
is generally found to follow the topographlreeze and Cherry, 1979). An examination of
records in the TWDB databas@éekas Water Development Board, 2005a) shows that this
also holds true in the Coastal Bend region. Figure 1.5 was created by tther auorder
to evaluate the potential for SGD in the Coastal Bend and as an aid for stedglection.
The figure is an approximation of the regional water table surface in thenfined aquifer
and was created by spatially interpolating 2000-2002 waterlevel reaamisfine counties.
The color gradient and contour lines both show the watertable elevatioatialleve mean
sea level. Figure 1.5 shows that the regional watertable does in fact rthieaurface

topography. This is apparent if you compare the water table surfagehwghbased solely



on well water levels, to the stream system, which is directly related to surfacgraphy.
The area surrounding Baffin Bay is a notable exception. This part afetien has seen
long term groundwater withdrawal and as a result the water table hasdoaen down
over 30 m below the land surfacgafer, 1968). In the rest of the area, groundwater moves
towards the bays and lower river reaches of the Nueces, MissiorArmmdas Rivers. This
analysis suggests that Nueces and Mission Bays have a greater pden8&D (note
the zero contour crosses into each of these bays) than Baffin Bayapashfrom their

differences in annual precipitation.

1.2.3 Terrestrial Springs

Brune (1981) documented the springs of Texas during the 70’s and 80’s inglud
the Coastal Bend. Springs were historically important sources of waterative Ameri-
cans, European explorers, and early settlers. There were atiglaishamed springs in the
area: Round Lake, Mission, Hynes, Dismero, Ojo de Agua (a Spanikiya@lism for a
spring), Malaquite, and Santa Gertrudis. These springs have all dédmfailed due to
changes in land cover and groundwater pumping. Ephemeral seepsaiilltmwever and
were documented by Brune in the 1970s. While collecting groundwater ssipdee also
seen ponds and pools at the base of bluffs along the shoreline andd\lizer valley such
as Hazel Bazemore park and McGloins Bluff that also appear to be fegdundwater
seepage. The presence of terrestrial springs suggests that SGIndaet still occur at

least ephemerally.

1.2.4 Uranium Deposits

Major deposits of uranium are present in Eocene or younger formatibith out-

crop inland of the bay system and are thought to be associated with volkstmim the
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Catahoula formation of Miocene ag€dch et al., 1988). Uranium mining in the region
was extensive, peaking in the early 1970s. Becad¥€ is the progenitor of?°Ra the
location of these U deposits could potentially influence the activitg?@Ra in the deep-
est groundwaters??®Ra on the other hand is controlled by the amount of thorium in the
aquifer solids. To evaluate the mobility of U in the Nueces River waterBnaadenberger

et al. (2004) measured dissolved U concentrations in the surface waterskef@arpus
Christi, local groundwaters, and a livestock pond that borders anveith U mine tailings;
they found no evidence of U enrichment due to mining operations beyorlddhkscale.
Lake Corpus Christi dissolved U concentrations were approximately 1 Ug322 dpm
m~3) with particulate concentrations nearly an order of magnitude less; thédakepond
dissolved concentrations were similar but the particulate concentratioesasenuch as 3
ug L=! (965 dpm nt?). Of the 16 groundwater samples, one was nearly 40tig(1.2,900
dpm n13), two were approximately 15 ug1! (4830 dpm n1?), and seven were between

2 and 7 ug L' (2250 to 643 dpm m?).

1.3 Study Design

My research has been conducted along two complimentary lines: 1) a detaitiyd
of submarine fluid discharge to Nueces Bay and 2) a regional compafi&@D tracers in
Copano, Nueces, and Baffin Bays. In the first case, my approadbeea to use a series of
progressively more refined studies to identify areas of submarine digehathin Nueces
Bay, starting at the regional level, down to the bay scale, and finally tafepsebregions
of the bay where discharge indications are strongest. In the secoad@asano, Nueces,
and Baffin Bays represent a natural experiment in that they diffevén supply, water table
elevation, net precipitation, and submerged petroleum infrastructurmp@&ding Ra con-

centrations in these bays over an annual wet dry cycle offered thsghilig of identifying
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bay characteristics relevant to Ra supply and SGD.

Chapter 2 of this dissertation concerns the initial 2002—-2003 field seakimt w
focused on Nueces Bay. The results provided evidence of a subktaiitaarine input
of dissolved??°Ra to Nueces Bay. Chapter 3 concerns a synoptic geophysical and geo-
chemical survey | conducted to further investigate the occurrence atthkdistribution
of submarine discharges of water to the head of Nueces Bay. Theysuagconducted
in the 12km? head of Nueces Bay where previous dissolved Ra measurements (Chapte
2) suggested a significant submarine groundwater discharge. CHapteers the final
2004-2005 field season and compares the Ra activities of Copano BegedBay, and
Baffin Bay at three periods during their seasonal flushing cyclessél hesults show that
the seasonal increase in dissolétRa activity for Nueces Bay is substantially larger than
for either Copano Bay or Baffin Bay. Though submarine groundwasehdrge is not ruled
out it cannot completely account for the high Ra flux indicated by the stesiylts. The
dissolved Ra activity of the majority of groundwater samples was less thactiRities fre-
qguently observed in the bays. Even using groundwater activities at fher epd of those
measured would still require an unrealistically high groundwater flux condgarg) global
estimates of AGW/surface water ratios and 2) the combined flow from therksabaerial
springs in the greater Corpus Christi ar&ixune, 1981). Therefore | conclude that SGD
supplies only a portion of th&°Ra imbalance. Leakage of oil-field brine could potentially
account for a large portion of ti@°Ra imbalance because oil-field brine Ra activities are
substantially higher than those of groundwater. Since the distribution ofl@atnowells is
in general agreement with the differences in Ra activities between Nuge#is, and Co-
pano Bays | conclude that leakage of oil-field brine is a significant goofrka to Nueces

Bay.
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Table 1.1: Submarine groundwater discharge studies.

Study Site Technique Reference

Big Bend Region, Fl Rn and CH Cableet al. (1996)
Florida Bay Rn and CH Corbett et al. (2000)
Big Bend Region, Fl seepage meters Burnett et al. (2002)
Chesapeake Bay Rn and Ra Hussain et al. (1999)
Coastal salt ponds, RI Ra isotopes Scott and Moran (2001)
Crescent Beach, Fl Rn, Ra, Ba, GHeepage meterSwarzenski et al. (2001)
Delaware River and Bay Estuary Rn Schwartz (2003)
Everglades, Fl Ra isotopes Krest and Harvey (2003)
Ganges Brahmaputra River, Bangladesh Ra isotopes and Ba Moore (1997)
Mississippi Delta Ra isotopes Krest et al. (1999)
North Inlet Salt Marsh, NC Ra isotopes Rama and Moore (1996)
Pettaguamscutt estuary, RI Ra isotopes Kelly and Moran (2002)
Waquoit Bay, Mass. Ra isotopes Charette et al. (2001)

Wagquoit Bay, Mass.

seepage meters

Michael et al. (2003)
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mixing
coastal water D

dredged /

S —Confining Javer channel

Figure 1.1: SGD from unconfined aquifers occurs at the sediment weaézface and is
controlled by the height of the water table above sealevel and the permeabitibastal
sediments. Discharge from confined aquifers may occur at locationsevitre confining
layer is absent or disrupted. This can occur naturally along fault lines(the fault line
just south of Nueces Bay) and it can also occur where human activitidsasichannel
dredging have breached the confining layer.
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Bag

Fluid Seepage

Figure 1.2: Seepage meters are often made from 55 gallon drums cut in hese€page
meter is inserted into the bay sediment with a hose and bag attached. The L&gllg in
partially filled with water. The change in water volume or weight in a given timeésl is
calculate SGD\(\eight and Sonderegger, 2000).
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238U 234U 235U
4E9a 2E5a 7E8a
234Pa 231Pa
9 Loeon| ¢ LIRS
234Th 230Th 232Th 228Th| | 231Th 227Th
24.1d 8E4a 1E10a| 191a 1 | ¢ | 187d
() 228Ac 227A¢
RN ---«Pb 226Ra 6.15h 218d| ¢
' 16003} | 228Ra 224Ra el
(] 5.75a 3.66d Aazr]
222Rn ' '
3.82d
; 220Rn 219Rn
) 5565 3.965
. . | 7
‘Ra - I‘?n « Pb 2140h | :
26.8m !
‘ ' '
) 207Pb
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206Pb stable
stable

Th----- <+ Ra---« Rn---«Pb

Figure 1.3: The portions of the three naturally occurring radioactivayglebains in which
Ra isotopes are present. The half-life of each isotope is reported dibsity its identity.
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Era| Systemn Series Stratigraphic Unit | Lithology Hydrogeologic Unit
)
§ Holocene Alluvium
8 . .
= 5 Beaumont Sand, silt, Chicot Aquifer
N | & [Pliestocene]  Formation and clay
5 Willis Sand
O
o Pliocene Goliad Sand Evangeline Aquifer]
8
5 Miocene Fleming Clay, silt, Burkeville
= Formation and sand Confining Unit

Figure 1.4: This simplified stratigraphic depiction of the Gulf Coast aquifetesy shows
the Chicot and Evangeline aquifers in relation to the stratigrapiglef, 1996).
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Figure 1.5: This groundwater equipotential map was created as a prelinaigkairy select-
ing study areas for this project. The map is based on well data from the Tgv@Bdwa-
ter database for the year 200&as Water Development Board, 2005a). The contours are
based on a spherical krige interpolation of water levels in feet above sezalevel taken
from the wells shown on the map (grey circles). The contour interval it1(30.5 m). The
ground coloration also reflects water levels, starting with red at 400 & (@pRand ranging
to blue at -100 ft (-30.5 m).
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Chapter 2

High 2?Ra and “*°Ra activities in
Nueces Bay, Texas indicate large

submarine saline discharges

2.1 Abstract

Submarine groundwater discharge (SGD) to Nueces Bay (Texas) vestigated
using naturally occurring Ra isotopes. The dissolved Ra activities oféégay are among
the highest observed in coastal estuaries; as great as 2600 dprfont?®Ra and 1000
dpm n13 for 226Ra. A combination of salt and Ra mass balances demonstrates that river
discharge and bay bottom sediments cannot supply the Ra needed teehimlahexport. In
the case of?°Ra there is an additional source require@bf x 10°+105% dpm day ! that
is 9 times the maximum supply from bay bottom sediments and 50 times the Ra supplied
by the Nueces River. Only a portion of this large flux can be supplied by, 3@sed on

the maximum measured Ra activity of local groundwater (708 dpm n13 226Ra). The
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large size of the Ra flux suggests a fluid of much higher Ra activity such-fisld brine.
The numerous submerged petroleum wells and pipelines in Nueces Bay mkkgdeof
oil-field brine a potential source of Ra to Nueces Bay. In either casegdlok brackish
groundwater or oil-field brine would represent substantial salt loadgijcplarly during
periods of low river inflow, and should be considered when determiniegfrdshwater
inflow requirements for Nueces Bay and similar estuaries. These subnfilaries may
also contribute significant amounts of nitrogen to the bay on the order of 19 mgliN
yr—1 if the discharge is entirely brackish groundwater and 132 million g N'yif it is

largely oil-field brine leakage.

2.2 Introduction

The exchange of water and dissolved constituents between coastaragundl sur-
face waters can be important components of coastal hydrologic andheyaamal cycles
(Burnett et al., 2003;Moore, 1997). In many areas, this water flux has been estimated to
be a significant fraction of surface water (e.qg., river) inflow (eMppre, 1996). This sug-
gests there is also a significant flux of those chemical species that &beshin aquifer
porewaters. Quantifying these fluxes and establishing clear conneutitnthe physical
processes that produce them is challengBug (ett et al., 2003). Moreover the variety and
variability of the processes that contribute to such fluxes can complicatgrietation of
data that may either target one process or reflect several at oneeifiGgly, water flux
through sediments may be driven by a combination of processes includingdywater ad-
vection, sealevel change due to astronomical and wind-driven tidéslearsity driven free
convection Bokuniewicz, 1992;Moore, 1999; Smmons et al., 1991). The resulting wa-
ter flux is a mixture of terrestrial advecting groundwater (AGW) and redated seawater

(RSW) often collectively referred to as submarine groundwater digeh@GD).

20



Recent studies of coastal water bodies have demonstrated significasises of
dissolved Ra above the inventory supported by surface water supg@lgitinsion from
sediments (e.gBurnett et al., 2002;Charette and Buesseler, 2004;Charette et al., 2001,
2003;Hancock et al., 2000;Kelly and Moran, 2002;Krest et al., 1999;Moore, 1996;Rama
and Moore, 1996; Scott and Moran, 2001;Veeh et al., 1995). These excesses have been
attributed to supply from SGD. Similarly, this study uses naturally occurring’R4&ra
and??®Ra) and salinity budgets to look for excess dissolved Ra in Nueces Bes.TEor
Nueces Bay, there are two potential submarine sources of dissolves@a:and leakage
of oil-field brine (formation water) from submerged petroleum wells andlpips.

The original intent was to apply traditional mass balance calculations tosassas
sonal variations in SGD to Nueces Bay. The dramatic change in bay salinitydbarred
during the study period necessitated a change in approach, and &sedaih opportunity
to constrain some of the poorly known components of the bay water baleg¢édal mix-
ing) necessary to construct the Ra budget. Time series hydrographjdatathe period of
the bay’s recovery from flood conditions, were used to constrain tidaihgiiand to con-
struct a Ra budget for the May 2003 sampling period when the bay agaioaagihed steady
state conditions. The imbalance between#&a supplied by the river and bay bottom
sediments and th&°Ra exported by tidal exchange is taken as evidence of additional sub-
marine Ra sources such as SGD discharge and/or leakage of oil-fieéditanin submerged

petroleum wells and pipelines.

2.3 Materials and Methods

2.3.1 Study Area

Nueces Bay (75 kfand 0.7 m deep on average) is a secondary bay within the Cor-

pus Christi Bay system of Texas (Figure 2.1). This bay experienegsatic annual swings
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in salinity driven by a strong wet/dry net precipitation cycle that featurels signmertime
evaporation and periods of intense precipitation during the late summer lnéiyper-
saline conditions in the summer are common, particularly in the salt marsh at thi@hea
Nueces Bay where sediment porewater salinities are typically betweend3%0asnd can
reach as high as 320¢nton et al., 2004). The mean daily tidal range for the Corpus Christi
Bay system is 15 cnidiener, 1975). Groundwater in the region is present in both confined
and unconfined aquifers in a layered stratigraphy of interfingered|sijt, gand, and gravel
beds Gnafer, 1968).

This study of SGD to Nueces Bay is pertinent and timely for several readdure-
ces Bay and the salt marsh at its head are highly productive and ecdlpgigaortant to
the region, but aspects of its nitrogen budget remain uncertain. An attgnBootk (2001)
to develop a balanced nitrogen budget for Nueces Bay was unabledorador 30% of
the exported nitrogen using known nitrogen inputs. Two possible reastaeds for this
imbalance were an underestimate of nitrogen fixation and an unaccountszhfabution
from SGD. In addition, dense and persistent blooms of the Texas broeAur@oumbra
lagunensis (Buskey et al., 1998) in recent decades have prompted the question of whether
changes in freshwater inflow relative to SGD may play a role in bloom initiatiomally,
local municipalities are increasingly turning to groundwater desalinization gplement
existing surface water supplies and the impacts of such proposals cabheoalsaluated if

the natural system is understood.

2.3.2 Sample Collection

Surface water samples (75 L) for dissolved Ra analysis were collectedNueces
Bay during April (n=19) and July 2002 (n=20) and on 19 and 27 Ma&3A@ach n=10) (Ta-

ble 2.1, Figure 2.2). Sample stations were reoccupied during successiays to within
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20 m of the April 2002 sample locations. The April 2002 sampling was cdeduduring a
prolonged dry period while July 2002 was during a period of heavyipitation and flood-
ing. May 2003 sampling occurred at the end of a transition between welrgrudnditions.
The May 2003 sample stations were collected during both spring and neaatidsubset
of the April and July 2002 stations. Samples were also collected from thedsuRiver
and river plume (n=12) and from regional water wells (n=14) to asthesRa contribution
of these waters to Nueces Bay (Figure 2.1). Samples were collected imgraible pump,
filtered to 1 m through polypropylene cartridge filters, and stored in 25 L polyethylene
bottles. Water temperature and salinity were determined using a YSI Modél $&0de
(April & July, 2002), a SeaBird Electronics SeaCat CTD profiler (M&y 2003), a Guild-
line Autosal salinometer (May 27, 2003; no temperature data), and a Y8&NMO Sonde
(groundwater samples).

Freshwater (salinityz1) samples (75 L) were collected as grab samples during De-
cember 2002 (n=3) from the Nueces River (Table 2.2). In order tluatathe contribution
of Ra desorption from riverine sediments to the bay, the Nueces Rivarepliithin the bay
was sampled in April 2004 (n=9) across the S=0 to 12 salinity gradientd aB). Filters
were retained in order to determine particulate Ra activity; only one of tlaesples (Table
2.2: sample 5) contained Ra above detection limits.

Groundwater samples (75 L) were collected from wells equipped either witimd
hole pumps or windmills, or using a portable pump (Table 2.3, Figure 2.3). Efe had
either been flowing for an extended period immediately prior to sampling or alkneed
to purge before samples were collected. The wells ranged in depth froB8rto Wells
W1-W10 were used for either irrigation or watering livestock and salinitiesev8 or less.
Wells W11-W14 were monitoring wells and salinities were 3.2 to 8.9.

Samples (100 L) were also collected from the Gulf of Mexico in Septembez,200
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aboard the R/M_onghorn along a transect starting from just offshore of Aransas Pass to
a point approximately 160 km from shore (Table 2.4). Surface water lesnfip=5) along

this transect were collected using the ship seawater collection system.

2.3.3 Radium Activity Measurements

Radium was quantitatively extracted from water samples and co-precipitdtied
BaSQ, following the procedure outlined bigutgers van der Loeff and Moore (1999). Ra-
dium was extracted onto MnOmpregnated acrylic fiber at1 L min~—!, the fiber rinsed
with deionized water, and the Ra leached from the fiber using 500 mL of 6 NiH&
Soxhlet apparatus. Radium was co-precipitated with BalS0adding 10 mL of saturated
BaNQO; and 25 mL of 7 N HSOy to the heated extraction solution. The precipitate was al-
lowed to settle overnight after which the fluid was decanted and the precipitassl with
6N HCI and transferred to polystyrene counting vials.

The??®Ra and®?’Ra activities of the precipitates were determined by gamma count-
ing the daughter nuclidé$®Ac and?'*Pb on a high purity germanium well detectdore,
1984). The precipitates were aged at least 15 days prior to gamma cotmttigw the
ingrowth of the daughter nuclides. Decay counts ¥YAc and?'“Pb were determined
from their 911 and 351 keV gamma emmissions, respectively. bheolinting error is
reported for each measurement and was typically 5-10% or less. Mebactivities were

decay-corrected to time of sample collection using:
dpm/ (100 m?) = (cpm/ (Ceff Eepp BrV)) e teott <1000 L/m?’) (2.1)

whereC, is the combined collection and counting efficiengyy ¢ is the manganese fiber
extraction efficiencyBr is the branching ratiol is the sample volume in liters, is the

radioactive decay constant, atyg;; is elapsed time between sample collection and activity
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measurement. In most studies, Mn fibers prepared in this way are assumqethtaatively
extract Ra from water samples at flow rates<df-2 L min—!. Extraction efficiency in this
study was verified to be-95% by using two Mn@ columns in series for several samples
and determining the relative amounts adsorbed to the primary and secamuliamns. A
combined collection and counting efficiency for the gamma detector was deéztrhin
preparing two solutions of knowdt®Ra and??6Ra activity from standards and precipitating,
collecting, and counting these standards in the same way as the samples.

The 1 and 5:m polypropylene cartridge filters from the Nueces River plume sam-
ples were dried and ashed at 300 the ash collected and weighed, and 1 g of thenland
2 g of the 5um ash were packed into counting vials and sealed with epoxy. The samples

were then aged at least 15 days and counted in the same way as the difsbamples.

2.3.4 Time Series Hydrographic and Meteorological Data

In order to construct water and salinity balances for Nueces Bay, tinesseea-
surements of Nueces Bay salinity, water temperature, and water heighdi¢Diof Nearshore
Research, 2003), Aransas Pass salinity and water temperature sNRigee salinity, tem-
perature, and discharge (Division of Nearshore Research, 20@3;Geological Survey,
2005), and regional precipitation and evaporation (National Atmosphaddceanic Ad-
ministration, 2003) were compiled for 2002 and 2003 (Figure 2.4). Hourlgsmements
of Nueces Bay and Nueces River salinity and water temperature aneleelcoy Hydrolab
H20 Multiparameter Water Quality Data Transmitters at Texas Coastal Ocesernv@bon
Network (TCOON) stations SALT05, SALT03 and SALTO1 operated anthtamed by
the Division of Nearshore Research at Texas A&M University Corpussi. Hourly mea-
surements of water height are recorded at TCOON stations 011 within Bl&ayeand 008

on the shoreline of Corpus Christi Bay 4 km south of the mouth of Nuecg$fMBgure 2.2).
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Daily records of maximum, minimum, and mean salinity and water temperature atasrans
Pass are recorded by an Endeco model 1152 sonde continuouslyetefilom the The
University of Texas Marine Science Institute (UTMSI) pier lab. Nuece®iRmean daily
volumetric discharge is recorded at the first USGS stream gauge upsifddueces Bay.
Daily precipitation is recorded at eight National Weather Service affiliatatioss in the
region. Daily evaporation is recorded by Class A evaporation pans atiarél Weather
Service affiliated station near Lake Corpus Christi and at UTMSI. Thatilmies of these
recording stations are indicated in Figures 2.1 and 2.2.

Salinity, water temperature, and water height data used to estimate bay voluene we
smoothed by low pass filtering in the frequency domain to remove signal canfsowith
periods less than 17 days. Flood and ebb tide mean heights and frequenecgetermined
by cataloging the change in water height between the inflection points in tHeeredi
water height series. Bay volume (Figure 2.4d) was calculated by addiagddiBay mean
depth to the fluctuations in water height relative to mean sea level recotded@ON
stations 008 and 011 and multiplying by Nueces Bay mean surface areavapgration
was estimated as 30% of pan evaporation to account for enhancedai@pérom pans
relative to the bayRetter, 1994). Direct net precipitation to Nueces Bay (Figure 2.4c)
was estimated by spatially averaging available evaporation and precipitatmnlseo the
center of Nueces Bay (Figure 2.2: station 8) and multiplying by the bay sudeea to

estimate the volumetric rate.

2.4 Results and Discussion

For Nueces Bay, the most significant differences in bay salinity and Raties
between the sample periods are clearly associated with the flooding of tlhedNB&er in

the summer and fall of 2002 (Table 2.1, Figure 2.5). The low salinity and Ratess in
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July 2002 result from a nearly complete flushing of the bay by Nuecesr Raod waters
which first peaked a week prior to sample collection and which reduceddayty from
30to<1in 15 days. During peak river discharge the bay water residence timeesgipect
to Nueces River inflow reached a minimum of approximately 1 day. The NuBoeger
flooded twice more in subsequent months repeatedly flushing the bay to sakitie

On 13 November 2002, the salinity recorder at TCOON SALTO1 beganaalte
rise that continued into the summer of 2003 (Figure 2.4a). During this recq@eziod
river discharge was relatively constant (Figure 2.4d) and the meawéigy residence time
with respect to Nueces River inflow increased to 60 days. The rise intgalmat began
on 13 November 2002 reached its maximum just after the 27 May 2003 sanmjud ped
remained relatively stable until July 2003 (Figure 2.4a). Similarly, bay R&igc{Figure
2.5), river discharge, direct net precipitation, and bay volume (Figutpwere all relatively
stable during May 2003.

The analysis and discussion focuses on May 2003 because this pesboa:
proximates steady state hydrologic conditions for Nueces Bay during thdy. stlaken
together the 19 and 27 May 2003 mean B&jRa and??Ra dissolved activities were
1553 x 10 +24% and664 x 10° + 32% dpm nT3 respectively. The mean bay salinity was
2442. Including the 10 days prior to 19 May 2003 through to 27 May 2003, thenrdedy
river discharge wa$9.7 x 103 + 5% m?, the ebb tidal prism wa$.40 x 10% 4+ 11% m3, the
flood tidal prism wa$.71 x 106 £11% m3, and the mean bay volume wWag8 x 106 +11%

m3.

2.4.1 Nueces Bay Salt and Radium Balances

Using the May 2003 results, | demonstrate below that Nueces Bay, like ntla@y o

coastal water bodies, exhibits a substantial excess of dissolved RaanEfysis uses mix-
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ing models for salt??®Ra, and??’Ra which are all based on the bay water balance (Figure

2.6a):

f
Vi —Vi=)» (FT - ET+ R+ (P - E)+ SGD), (2.2)

n=1

where f andi are the final and initial days of a time period, is the bay volume}F'T
is the flood tidal prism,ET is the ebb tidal prismR is the river dischargeP is direct
precipitation, F is direct evaporation, andGD is the potential submarine groudwater
discharge or oil-field brine leakage. Though evaporation and precipitati® important
water fluxes for Nueces Bay, they are negligible fluxes of salt and Raremefore do not
appear in the following salt and Ra balances. However these water fliaxaslirectly
effect the bay salt and Ra concentrations by influencing the ebb arditfttad volumes.
In the following analysis the bay water level record is used to determine tharmibflood
tidal volumes. This implicitly accounts for the effects of evaporation andijpitation.
Evaporation and precipitation data (Figure 2.4c) are presented foenete.

Nueces Bay tidal mixing efficiency was determined using a bay salt bal&ige¢
2.6b):

f
(EBV)f —(sgV); = Z(’YEFTFT —v8grET + SgR + 3s¢pSGD),, (2.3)

n=

wheresp is the mean bay salt concentrationis the tidal mixing efficiencys -y andsgr
are the flood and ebb tide salt concentratiansijs the river salt concentration, aBsdqp
is the unknown SGD or oil-field brine salt concentration. Neglecting thesfief SGD or
oil-field brine leakage on bay salinity, Equation 2.3 can be solved fmaised on the water
height, salinity, temperature, and river discharge time series. For thiogeithe salinities

of Nueces Bay, Aransas Pass, and the Nueces River were caht@neass of dissolved
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salt per unit volume (specific salt mass) using:

wheres is the dissolved salt mass per unit volume (kg¥n S is salinity (g kg!), andpg.,
is the density of seawater (kgT) which is a function ofS, salinity, andT’, temperature
(Millero and Poisson, 1981). Using data for the period of 13 November 2002 to 27 May
2003, the calculated mixing efficiency was 0802 which is within the range of 0.05
to 0.15 for previous estimates of Corpus Christi BByock, 2001;Smith, 1985;Solis and
Powell, 1999).

Neglecting radioactive decay, balances for bGtiRa anc??°Ra are based on (Fig-

ure 2.6C):

f
(RCLBV)f — (RGBV)i = Z(’}/R(IFTFT — ’yRaETET

+ Rapr+ RasgpA+ RasapSGD), (2.5)

whereRap is the mean bay Ra activitiRa pr is the radium activity of the flood tid&a g1
is the radium activity of the ebb tid&a is the total dissolved plus desorbable Ra activity
supplied by the riverRasgp is the diffusive supply from bay bottom sedimentsjs the
area of the bayRagsqp is the radium activity of SGD and/or oil-field brine. Radioactive
decay can be neglected because the half-live¥%®a and*?’Ra are significantly longer
than the water residence time of Nueces Bay.

At steady state and neglecting the unknown SGD and oil-field brine contnitsutio

Equation 2.5 becomes:

0=~RaprFT — yRaprET 4+ RarR + RasgppA (2.6)
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which is the basis of this analysis. It states that if SGD and oil-field brine tga&ee absent
the Ra exported by tidal mixing should balance river and bottom sedimeplysUihis can
be independently assessed f6tRa and*?’Ra.

In the following analysis where parameters and their uncertainties (Tabla25
estimated, the most conservative values (i.e., values that would minimize anyn&awo
tion from sources such as SGD) were used. The analysis begins loyatvg each of the

terms in Equation 2.6.

Tidal exchange

The Ra activities of the ebb tide are assumed to be the combined 19 and 27 May
2003 bay means; 15324% and 664-32% dpm n73 for 222Ra and??°Ra respectively.
The Ra activity of the flood tide is assumed to be the mean of the two May 2003esamp
collected at station 1 nearest the mouth of Nueces Bay (Figure 2.2):xB30@nd 332-8%
dpm n13 for 222Ra anc??Ra. Based on the mixing efficiency of 0:88.02 and mean daily
flood and ebb tidal prisms @f.71 x 10° + 11% and9.40 x 105 + 11% m3 day~! the net
tidal export is411 x 10 +117% dpm day ! of 2?Ra and248 x 10° +91% dpm day ' of
226Ra. The associated uncertainties are large because the differeneebehe flood and
ebb tide fluxes is approximately the same magnitude as their absolute uncertaiiges

uncertainty in these numbers dominates the uncertainties in the remaining analysis

River inputs

The total riverine Ra contribution includes the dissolved flux and alsordabte
Ra associated with suspended particulate material. Experiments have slabwhethatio
of particulate adsorbed Ra to dissolved Ra is inversely related to salhitysier et al.,

1995). Therefore as river particulate material mixes with higher salinity matgreater
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portion of adsorbed Ra will be released into solutiétrest et al. (1999) determined that
for Mississippi River sediments desorption was essentially complete at &ysafib and
that only 10-40% of the total particulate activity is desorbable.

The most conservative estimate of the riverine dissolved Ra activity comes f
the July 2002 Nueces Bay samples. These samples were essentiallyogawéters with
slightly greater activities than the three upstream Nueces River samplestedllate that
year. The mear?*®Ra and??°Ra activities for July 2002 were 2226% and 186:12%
dpm n13 (Table 2.1).

The desorbable Ra activity can be estimated from the Nueces River cdliecte
April 2004 plume samples (Table 2.2: samples 4-12). The initial increa®€Ra activity
between salinities of 0.3 to 4.4 is a barely discernible 30 dpm (Rigure 2.7). Assuming
for simplicity that this is due to desorption alone (and not also including beniffisidn
or advection of Ra), then the increase is consistent with a release of #8% @0 dpm
m~3 226Ra particulate activity measured (Table 2.2: samplegf5and 5-Lm). In com-
parison, the initial increase it¥®Ra activity is 166 dpm m? which is more than double
the total measured particulat®Ra activity of 84 dpm m? and suggests that particle des-
orption is not the sole source &t°Ra for these samples. The most reasonable estimates
of the desorbable Ra input are-880% dpm n13 for 226Ra and 36-50% dpm nt? for
228Ra; based on the observédRa desorption and the measured particutdi®Ra’?’Ra
ratio of 1.2£0.2. The 50% uncertainty limits on these estimates are based on the possi-
ble desorption of up to 65% of the total particulate activity. Therefore thé édfeective
river Ra activities foP?®Ra and??’Ra are 258-:15% and 216:12% dpm nT3 respectively.
Based on the May 2003 mean daily river dischargé®f x 103 + 5% m? day~!, the total
riverine contributions aré.08 x 10% + 16% dpm day ! for ??®Ra and4.25 x 105 4+ 13%
dpm day! for ??6Ra.
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A more reasonable estimate of the desorbable Ra input4568% dpm nt? for
226Ra and 36:50% dpm nT? for 222Ra, based on the observ&fRa desorption and the
measured particulat€®RaF?°Ra ratio of 1.2-0.2. The 50% uncertainty limits on these
estimates are based on the possible desorption of up to 65% of the total |psetactiv-
ity. Therefore the total effective river Ra activity fét°Ra and’?°Ra are 258-21% and
216+17% dpm nT3. Based on the mean daily river dischargd 97 x 102 +5% m? day*
during May 2003 the total river Ra contributions f8Ra anc??°Ra are5.08 x 10 +22%
and4.25 x 10 4 18% dpm day !.

Supply from Bay Bottom Sediments

Though Ra desorbs from suspended particles in brackish water, ridet plaorium
isotopes do not. Therefore by diffusion alone, sediments deposited withinath remain
a small but perpetual source of regenerated Ra until they are buriedepth sufficient
for radioactive decay to occur before diffusion to the surfaram@a and Moore, 1996).
In addition to simple diffusion the processes of sediment compaction, bitiumband
sediment resuspension are also important in the supply of Ra from bayrbs#diment
porewaters. Similar studies have estimated diffusive fluxes based on tHestfibution
in sediment cores (e.gCharette et al., 2001). For Nueces Bay, it would be difficult to
make such an estimate from a reasonable number of sediment cores dogside bay
size (75 knd) and the potential variability in sediment type, porosity, and porewater Ra
concentrations created by the relatively frequent major post depoditstarbances (i.e.,
tropical storms and episodic flooding). Moreover it would be difficult teess either the
uncertainty or the relative conservatism of such an estimate. Since sediynéuntas are
greater in proportion and absolute value T6tRa than fo?26Ra, | instead make the initial,

conservative assumption that all of the exc@8Ra implied by the mass balance evaluation

32



is attributable to a sedimentary source. Due to its slower regeneration rat& e bay
bottom sediment supply is then 1/16 of tH€Ra supply Krest et al., 1999).

The??®Ra bay bottom sediment supply thus calculated from Equation ZBis
1064+117% dpm day . The??Ra bay bottom sediment supply is thén2 x 106 +117%
dpm day!. This is equivalent to &2°Ra sediment flux 06.0 x 10~° dpm cnt?2 day!,
which is 4 to 15 times greater than estimates of diffusive supply for Mississhmif and
Waquoit Bay sedimentCharette et al., 2001;Krest et al., 1999). Though this approach
overestimates the supply éfRa from bay bottom sediments it does place a clear and
conservative upper limit on this term. It is worth noting that even if the Ralgdpgpm bay
bottom sediments were entirely neglected, the calcul&ftiria excess would only increase
by 11% because the bay bottom sediment Ra flux is minor in comparison to th&é&dal

fluxes.

Evidence of a submarine Ra source

Based on the analysis above, an additieial x 10 + 105% dpm day ! of ?26Ra
is needed to satisfy the Nueces Bd§Ra balance. This is strong evidence of an additional
submarine Ra source. The high absolute Ra activities of Nueces Bagufzaty at the head
of the bay (e.g., Figure 2.2 station 16), lend qualitative support to this imfereNueces
Bay Ra activities are among the highest yet observed in coastal watgusgR2.8). The
maximum observed?SRa activity in Nueces Bay was 108@8 dpm n13, similar to the
Bay of Bengal maximum?’Ra activity of 1140 dpm m? (Moore, 1997). In other coastal
waters reported®’Ra activities are typically:600 dpm n73 (e.g., Spencer Gulf Australia;
the waters of Amazon shelf; North Inlet, South Carolina; Waquoit Bay, ddelsusetts;
and Pettaguamscutt River estuary, Rhode IslaGtaiette et al., 2001;Kelly and Moran,
2002; Moore et al., 1995; Rama and Moore, 1996; Veeh et al., 1995). The substantial
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226Ra imbalance and high absolute Ra activities of Nueces Bay suggests skaqaef
significant SGD and/or leakage of oil-field brine from submerged petrolgipelines and
wells.

SGD may account for a portion of tA&°Ra imbalance. However, the highé&iRa
activity in groundwater measured during this study was#0% dpm n12 (less than the
activity of some Nueces Bay samples). This brackish (S=8.9) ground\{Eble 2.3:
W12, Figure 2.2) was collected from a 4 m deep well located only 30 m freniNtheces
River. Wells W11, W13, and W14 located in the same area, have similar Ratiasti
and are also brackish. If these activities are representative of SGDatheater flux of
311,000:103% n? day~! would be required to supply the need@fiRa. Considering that
up to 90% Burnett et al., 2003) of this SGD flux may be recirculated seawater (RSW), the
minimum required terrestrial advecting groundwater (AGW) portion woul@bd 00 nd
day~! or 160% of the mean daily Nueces River discharge during May 2003 (&kSlog-
ical Survey, 2005). This is high compared to previous estimates of AGW &r ofigions
which are between 0.3% and 16% of river discharge. Further, the ceahfiow from
the known ephemeral subaerial springs in the greater Corpus Chaatisaonly 1000 rh
day ! (Brune, 1981). Therefore | conclude that either the Ra activity of SGD is higher
than any groundwater sampled in this study or SGD can account for ordytiaip of the
observed?SRa imbalance.

The other potential source of dissolved Ra is oil-field brine leakage. d2scaf
oil production and the numerous submerged petroleum wells and pipelinassicelsl Bay
make this a distinct possibility. The highest dissolvé¢Ra activity measured in local
produced water samples (n=6) was 34,700 dpni (iKraemer and Reid, 1984). Produced
water leakage of 6,290 hday ! (32% of the Nueces River discharge) could supply all of

the needed*Ra.
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At this stage there is insufficient evidence to definitively conclude thatrdittaek-
ish groundwater discharge or leakage of oil-field brine is occurringhickvof these fluxes
is more prevalent. However either of these inputs would represent samifsalt and nu-
trient loadings to the bay. This would be especially true during dry peridasnwiver
inputs are low, particularly in the case of oil-field brine leakage which wowoldchange
seasonally. For groundwater the regional mean nitrate concentration isgll7 ' N as
NO; (Texas Water Development Board, 2005a)t Assuming that 1) this is representative
of brackish groundwater discharge, 2) nitrate is the dominate dissolveghainic nitrogen
species in brackish groundwater discharge, and 3) the submarine Rasigntirely due to
an advecting groundwater discharge of 31,10G0day ', then the associated nitrogen input
would be 19 million g N yr. For Gulf of Mexico oil-field brines measured il et al.
(2005), ammonium is the dominate form of dissolved inorganic nitrogen andé¢laa con-
centration is 57.5 mg L' N as NH}. Assuming 1) this is representative of oil-field brine
leakage to Nueces Bay and 2) the submarine Ra input is entirely due to agladibfine
input of 6,290 M day~! then the associated nitrogen input would be 132 million g N'yr
These inputs are less than estimates of nitrogen loading to Nueces Bay &stewater
(400-1500 million g N yr !)(Brock, 2001) but they are not trivial. Additional work is nec-

essary to fully understand the chemical implications of these potential watesflu

2.5 Conclusions

Using the combination of sat?®Ra, anc??°Ra balances provides strong evidence
of a large submarine source of dissolved Ra to Nueces Bay.2TRisc 10° 4- 103% dpm

day~! supply of??°Ra is 9 times the daily supply from bay bottom sediments and 50 times

'Based on 778 NQ measurements made during the period of record from 1931 to ZB&&S(\\ater
Development Board, 2005a). The samples were collected from 308 wells in the following cainfieansas,
Atascosa, Bee, Brooks, Calhoun, De Witt, Duval, Goliad, Jim Wells, Kéyyi€eberg, Live Oak, McMullen,
Nueces, Refugio, San Patricio, and Victoria.
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the Ra supplied by the Nueces River. This Ra is most likely being suppliedrbg som-
bination of SGD and leakage of oil-field brine with a combined water flux grelast may
be greater than that of the Nueces River. Additional methods are regésorder to eval-
uate and quantify the relative contributions of SGD discharge and oil-fiahe heakage.
One approach, the subject of Chapter 3, is to conduct high densitpsysarveys of bay
bottom sediment resistivity, surface salinity, and Ra isotopes at the heddeuies Bay
where the Ra activities reported in this chapter were generally highest. é&maylproach,
the subject of Chapter 4, is to compare the dissolved Ra inventories oeblisy with
those of two neighboring bays that differ in hydrology, industrial actiitgluding oil and
gas production) and land use.

The steady state mixing model approach used in this study, while providirefa us
way to make general assessments, also produces large uncertaintiesidtigal variabil-
ity, measurement accuracy, and the necessity of making indirect estimasesnef pro-
cesses. In this study the large overall uncertainty is primarily attributable fa¢héhat the
difference between the ebb and flood tide Ra flux is comparable to the &baokertainty
in these quantities. For bays like Nueces Bay that experience dramatigeshiansalinity
and in SGD tracers like Ra, the overall uncertainty could be greatly reldugcé) basing a
mass balance on the change of a SGD tracer between the beginning asfdeesehsonal
flushing event while 2) regularly monitoring the SGD tracer at the tidal inleis Would
increase overall certainty by reducing the uncertainty associated withetixdalnge and
include another large but more certain term in the balance: the temporalebétige SGD

tracer.
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Table 2.1: Nueces Bay temperature, salinity, and dissolved radium activity.

Station Collected Temperattir8alinity’ 228Ra ??°Ra ?228Raf?Ra
(Celsius) (dpm m?3)
1 27 Apr 02 26.31 33.67 98072 28021 3.49+0.36
2 27 Apr 02 26.04 34.67 1,2303 33533 3.6A40.39
3 27 Apr 02 2559 33.67 1,026r5 286+29 3.58t0.37
4 27 Apr 02 25.96 34.25 1,3a0100 329+27 3.95t0.45
5 27 Apr 02 26.40 34.36 1,5720120 452+34 3.4'#0.37
6 27 Apr 02 26.25 34.81 1580120 435:36 3.4A4-0.40
7 27 Apr 02 26.06 34.61 1,640130 450637 3.64+:0.42
8 27 Apr 02 26.66 35.12 1,720130 455+34 3.78t0.40
9 27 Apr 02 26.89 34.80 1,720140 458+38 3.76+0.44
10 27 Apr 02 26.86 35.48 1,95(60 583t48 3.33:0.39
11 29 Apr 02 26.67 35.54 1,96150 50938 3.85:0.41
12 29 Apr 02 26.02 36.14 1,58120 50140 3.00t0.34
13 29 Apr 02 26.66 34.54 1,87160 488t43 3.83:0.47
14 29 Apr 02 26.88 35.65 1,730030 45634 3.78t0.40
15 29 Apr 02 26.82 31.34 1,8#150 52943 3.53:0.41
16 29 Apr 02 26.86 37.93 2,60210 66556 3.91-0.46
17 29 Apr 02 2710 35.42 1,4520 40134 3.610.43
18 29 Apr 02 27.09 36.29 1,760130 45635 3.85-0.41
19 29 Apr 02 27.12 35.70 2,060170 49142 4.19+0.50
4 24 Jul 02 32.49 1.24 2425 192+16 1.240.17
13 24 Jul 02 30.88 0.36 2260 19115 1.18+0.14
14 24 Jul 02 31.45 0.59 19418 182+14 1.0A40.13
15 24 Jul 02 30.48 0.36 241 17814 1.35:0.16
17 24 Jul 02 30.18 0.34 1922 16214 1.19-0.17
18 24 Jul 02 29.60 0.42 2%37 19Gt14 1.12+:0.12
19 24 Jul 02 32.56 0.29 2199 20116 1.09:0.13
20 24 Jul 02 30.03 0.29 2187 20415 1.0A40.12
21 24 Jul 02 31.30 0.33 2524 19116 1.35-0.17

" Temperature and salinity were determined using a YSI Mo@6D6Sonde ex-
cept where noted.
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Table 2.1: Continued.

Station Collected Temperature Salinity ?2®Ra 226Ra  22%RaP?Ra
(Celsius) (dpm m?)
1 25 Jul 02 29.53 0.36 2a117 174+13 1.15+0.13
2 25 Jul 02 29.59 0.40 1545 13811 1.09+0.14
3 25 Jul 02 30.04 0.56 22921 185+15 1.2Gt0.15
5 25 Jul 02 29.83 0.90 3131 24H20 1.29:0.17
6 25 Jul 02 30.19 0.40 23530 194+15 1.210.14
7 25 Jul 02 31.77 1.25 22921 169+14 1.310.16
8 25 Jul 02 31.08 0.32 18820 158+14 1.18t0.16
9 25 Jul 02 31.51 0.60 192 184+16 1.06t0.15
10 25 Jul 02 31.65 0.90 24r4 206t16 1.32:0.16
11 25 Jul 02 30.72 0.35 26419 182t15 1.12+0.14
12 25 Jul 02 31.43 1.60 2320 186+15 1.2A40.15
1 19 May 03 29.08 27.070  1,030:76 366+27 2.81H0.29
4 19 May 03 30.31 20.998 1,320+110 49739 2.65+0.30
8 19 May 03 28.64 25.858  1,210+92 498+37 2.43t0.26
9 19 May 03 31.11 21.183  1,290+100 48637 2.65+0.29
10 19 May 03 29.66 20.910 1,270:£100 54140 2.34:0.25
13 19 May 03 30.3719.878 1,520:110 700t52 2.17:0.23
16 19 May 03 28.7% 25.754  2,230+180 1,00:78 2.23:0.25
17 19 May 03 29.9922.855 1,820:140 855t63 2.13:0.22
18 19 May 03 29.2025.610 1,590:£130 82162 1.94-0.21
21 19 May 03 29.47 24.600 1,720:£130 830t61 2.07:0.22
1 27 May 03 - 27.84% 975+75 312t24 3.12:0.34
4 27 May 03 - 27.868 1,130:90 38H29 2.9A40.32
8 27 May 03 - 27.849 1,460:110 610:46 2.39:0.26
9 27 May 03 - 27.868 1,390£100 520:38 2.67:0.28
10 27 May 03 - 27.831 1,400:110 592-44 2.370.25
13 27 May 03 - 27.852 1,580+120 69653 2.270.25
16 27 May 03 - 27.859 1,950+150 83162 2.34+0.25
17 27 May 03 - 27.871 2,000:150 870:62 2.310.24
18 27 May 03 - 27.851 2,180+160 964-70 2.26+0.23
21 27 May 03 - 27.836 1,990+150 915-67 2.18:0.23

T Temperature and salinity determined by a SeaBird EleateoSieaCat CTD pro-
filer.
t Salinity determined by a Guildline Autosal salinometer.
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Table 2.2: Salinity and radium activities in the Nueces River and
river plume.

Sample Collected Salinity ?®Ra ?Ra ??®RaF?°Ra
(dpm nT3)
12 Dec 03 0¥ 187+16 1179 1.60:0.19
12 Dec 03 0. 148+12 13710 1.08:0.12
12 Dec 03 0.7 165+14 1078 1.54+0.17
9 Apr 04 0.30 23318 17713 1.310.14
9 Apr 04 1.02 29422 176+13 1.65:0.18
5-5um 119 Apr 04 1.02 627 52+4 1.2+0.2
5-1:m 19 Apr 04 1.02 225 18+2 1.2+0.2

g BrlWDN -

6 9 Apr 04 216  35%27 220t16 1.62t0.17
7 16 Apr 04 3.28  38%29 199t15 1.94+0.21
8 16 Apr 04 442 39630 20615 1.93:0.20
9 9 Apr 04 6.70  65%49 33A25 1.94£0.20

10 16 Apr 04 8.63 54641 25A19 2.12+0.22
11 9 Apr 04 10.22 83462 38828 2.15:0.22
12 16 Apr04 12.76 64848 252+19 2.5#0.27

" Salinity was determined using a YSI Model 6000 Sonde.

t Salinity recorded at TCOON station SALTOS5.

T Activity of suspended particulate material filtered from sam-
ple expressed as dpmTh
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Table 2.3: Dissolved radium activity in regional groundwater.

Sample Collected Salinity Ra  ??Ra 2?®Raf*°Ra

(dpm nT3)
W1 3June 03 <3 220+20 150+10 1.4A0.17
W2 3June 03 <3 143+10 96+10 1.506t0.19
W3 3Jun03 <3 576£40 44630 1.29:0.14
W4 90ct02 <3 518+41 13911 3.72:0.41
W5 90ct02 <3 38930 2906t20 1.34t0.15
W6 90ct02 <3 335+30 290+22 1.16+0.12
W7 90ct02 <3 135+10 28820 0.4A40.06
W8 15 May 03 <3 172+10 182:10 0.95:0.10
W9 15 May 03 <3 74+10 85+:10 0.8A0.11
W10 16 May 03 <3 135+10 185t10 0.73:0.08

W11 28 April 05 3.7 107681 31H-23 3.45:0.37
W12 28 April 05 3.2 2928213 703t51 4.16:0.43
W13 28 April 05 8.0 1696124 33425 5.06:0.53
W14 28 April 05 8.9 2198168 51540 4.25t0.46

* Samples 1-10 were from wells used for irrigation or livestock
and salinities are assumed to k&. Samples 11-14 were
from monitoring wells and salinity was determined using a
YSI Model 30 Sonde.

40



Table 2.4: September 2002 Gulf of Mexico transect of surface wateoldess ra-
dium activity.

Latitude Longitude Distance Offshore ?>°Ra 226Ra ??’Ra/*“Ra
(km) (dpm n?) (dpm nT?)
1 27 43N 975W 6 49141 166+13 2.95+0.33
2 27 39N 96 60W 17 438-36 152+12 2.8A40.32
3 27 36N 96 54W 28 47539 169+13 2.810.31
4 27 29N 96 43W 49 286:-22 118+9 2.42+0.26
5 27 18N 96 35W 160 TH7 59+5 1.19+0.16
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Table 2.5: Uncertainty estimates for parameters used in water, salt, andaRads

Variable

Uncertainty Basis for Uncertainty Estimate

A

RaR

R(ZFT

RGET

5%

10%

11%

5%

17 to 95%

28%

28%

228Ra: 15%
226Ra: 13%

228Ra: 3%
226Ra: 8%
228Ra: 24%
226Ra: 32%

Bay Area: We estimate that 5% of the total 75%kapen bay
area is intertidal based on the mean tidal range of 15 cm and th
extent of bay shallows.

Bay Depth: Based on our judgment of the accuracy of bay
bathymetry and mean bay depth. In comparison, the uncgrtain
of the waterlevel guage heights is considered negligible.

Bay and Tidal Volumes: The result of the bay area and depth
uncertainties.

River Discharge: Based on the estimated accuracy ofnstrea
guaging Gauer and Meyer, 1992).

Ebb Tide Salt Concentration: Based on 1 standard deviafion o
the salinity measurements taken during each Nueces Bay sam-
pling period. Natural variability changed with salinitykd; high
variability (67%) at low salinities and lower variabilityl 2%0)

at higher salinities. This variability trend was used tdraate

the uncertainties in the time series salinity observatfoos the
TCOON SALTO5 salinity recorder which were used to estimate
Nueces Bay mean salinity.

Flood Tide Salt Concentration: We estimate a 20% unceytaint
associated with representing Nueces Bay flood tide sa#its-

ing only the UTMSI salinity recorder in Aransas Pass.

River Salt Concentration: We estimate a 20% uncertainty as-
sociated with representing Nueces River salinities withdhe
salinity recorder at TCOON station SALT 05.

River Ra Activity: The combination of one standard deviatid

the dissolved July 2002 flood water samples and an unceytaint
estimate of 50% for the desorbable Ra associated with nigeri
particulate material.

Flood Tide Ra Activity: Half the range between the two 19 and
27 May 2003 station 1 samples.

Ebb Tide Ra Activity: One standard deviation of the combined
19 and 27 May 2003 samples.

" The uncertainties in all salt concentrations are the resfuttarrying the uncertainties in
salinity through the equation for the density of seawakéillero and Poisson, 1981).
Neglecting higher order terms and the effects of tempeeatine relative uncertainty in
density is the same as that of salinity and from Equation Redrélative uncertainty in
salt concentration is the relative uncertainty in salitiityes,/2.

42



28°20'N
Lake Corpus Chrigli Mission Bay J ] ;
* *l7. [ e} Q’é\ - g
% WG (oY e
28°00'N - quy‘\ r
"Nueces River éé’
N B
o e it §
B 7 Y ¢ = am1g2
* « Corpus Christi Bay:
A
27°40'N o | -
* A
© TCOON SALT 05 2
* Call:ﬁlen stream guage g . .
vox weather stat
¥ wealher Sations o, S Gulf of Mexico
f t | g
= Ground water sanbies S P p——
5 0 10 20
27°20N - : ‘ ‘ 2
98°00'W 97°40'W 97°20'W 97°00'W 96°40"

Figure 2.1: The Coastal Bend region of Texas indicating the locations e€&tuBay, the
Aransas Pass connection to the Gulf of Mexico labeled (solid star), anfihtieNueces
River impoundment at Lake Corpus Christi. Samples collected for this stedyndicated
by solid squares for well samples and solid triangles for surface watgpleg; the farthest
offshore surface water sample (2Z8' 11.5” N, 95 34’ 44.4” W) is shown on the inset
map. Well samples are numbered as in Table 2.3. National Weather Serfiiiceedf
stations used to determine net precipitation are indicated by hollow stars. UdeebIRiver
stream gauge at Callallen is indicated by a solid diamond.
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Figure 2.2: Details of station locations in Nueces Bay. Triangles indicatacguxfater
samples. Only 10 of the April and July 2002 stations were reoccupied diméigvo May
2003 surveys; these 10 stations are indicated by hollow triangles. Therelhsample in
this immediate area (Table 2.3)) is indicated by a solid square. TCOON salinddezs
are indicated by circles. TCOON water level recorders are stars.
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Figure 2.3: The author sampling from a well used for cattle watering.
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Figure 2.4: Time series data for Nueces Bay covering the sampling peiats. shown
as solid lines are used to determine fluxes for the recovery period froverNioer 2002
flooding (period indicated with gray shading). Supporting data are shamvdotted or
dashed lines. For a) Nueces Bay salinity the solid line is TCOON station Sal&daghed
line is TCOON Salt03, and the circles with whiskers represent the mean agd od the
salinities measured during the Ra surveys; for b) Aransas Pass salinitiashed line is
daily maximum, the dotted line is daily minimum, and the solid line is daily mean; for c)
direct net precipitation, the dotted lines are precipitation and evaporationdrea weather
stations and the solid line is the spatial mean; for d) Nueces River disctiegelid line
is daily volumetric discharge; for €) Nueces Bay volume the solid line is baynwlbased
on water height at TCOON station 008 and the dashed line from TCOON s€tigrand
for f) Nueces Bay Ra survey dates are diamonds.
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Figure 2.5: Dissolved activity of &°Ra, b) ?2°Ra, and c) the activity ratio of?*Ra/?*Ra
of Nueces Bay and associated waters summarized in box plots where hibxisvtopor-
tional to the square root of sample size, box height encompasses the@d5thth quantiles,
the horizontal line is the median, the x symbol is the mean, and the whiskersl eatdre
extreme values. Nueces Bay Ra activities are generally quite high with teptext of the
July 2002 period when the bay was completely flushed and mean salinity wabl0e3
ces Bay Ra activities during April 2002 and both May 2003 periods wezatgr than the
activities in all other waters sampled within the region, including groundwater.
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Figure 2.6: Schematic of mass balance model used in analysis (Equatiod82&hd 2.5).
Bay volume a) is a function of river dischargR) net precipitation P — ), ebb tide £T)),
flood tide (#'T"), and potentially submarine fluid dischargeg&{D) such as SGD and oil-
field brine leakage. For b) the bay dissolved salt concentration, nepjiegion is assumed
to be a negligible direct flux of salt to the bay though it does affect the saltentration
indirectly by influencing the bay water balance. For c¢) the bay dissolveddidty, net
precipitation is similarly assumed to be a negligible direct flux of Ra while diffusidrRa
from sediment porewatef{u.4) is an additional inputSG D represents the unknown but
suspected fluxes of salt and Ra from submarine fluid discharges.
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Figure 2.7: Dissolved aj’*®*Ra and b)??°Ra activity of the Nueces River plume as it
entered Nueces Bay in May 2004. The nonlinear incread® R activity below a salinity
of 5 suggests particle desorption as describe&iwgt et al. (1999). If entirely attributable
to particle desorption the contribution would be 170 dpm?, the increase in activity
between the dashed horizontal lines. The increagé’iRa does not indicate such a well
defined contribution from particle desorption but if desorption is similar to ¢i&2®Ra
then the contribution would be 30 dpm—3.
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Figure 2.8: Measure®’°Ra and??®Ra activities compared to literature values. The max-
imum observed?®Ra activity in Nueces Bay was 10838 dpm nv3, similar to the Bay

of Bengal maximunt?Ra activity of 1140 dpm m? (Moore, 1997). In other coastal wa-
ters observed?°Ra activities have beei600 dpm n73 (e.g., Spencer Gulf Australia; the
waters of Amazon shelf; North Inlet, South Carolina; Waquoit Bay, Masssetts; and
Pettaquamscutt River estuary, Rhode Isla@iipfette et al., 2001;Kelly and Moran, 2002;
Maoore et al., 1995;Rama and Moore, 1996;Veeh et al., 1995).
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Chapter 3

Detecting submarine groundwater
discharge using radium isotopes and
continuous electrical resistivity

profiling

3.1 Abstract

A synoptic geophysical and geochemical survey was used to investigabedhr-
rence and spatial distribution of submarine water discharges to uppeeblBay, Texas-
The survey was conducted in the &2 head of Nueces Bay where a previous Ra mass
balance suggested a significant submarine groundwater dischargel 7Tkilometer sur-

vey incorporated continuous resistivity profiling; measurements of seifiaater salinity,

1This chapter was published in a slightly modified versiorBesier et al. (2005) and is reproduced by
permission of the American Geophysical Union. Copyright 2005 by tme#can Geophysical Union. 0094-
8276/05/2005GL024639%$05.00
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temperature, and dissolved oxygen; and point measurements of dis$&ied 2?Ra,
224Ra, and??*Ra. The survey revealed areas of interleaving, vertical fingers of high a
low conductivity extending up through 7 meters of bay bottom sediments intaitfecs
water, located within 100 m of surface salinity and dissolved Ra maxfi®&4{ > 600
dpm n13). At these locations there were also peaks in water temperature and loves in d
solved oxygen. These results indicate either brackish submarine gvatsrddischarge or
the leakage of oil-field brine from submerged petroleum pipelines; the lakapisorted by
the proximity of the water chemistry perturbations to known hydrocarbonlipgse The
presence of localized high Ra submarine inputs in this area of Nueces Bapstent
with previous dissolved Ra surveys which indicated that this area hasstatly higher
dissolved Ra activities. This study demonstrates the utility of sediment resigiiaiying

as part of a comprehensive characterization of submarine dischsirgeaisequence of 1)
large scale chemical tracer assessments, 2) detailed synoptic sundeginigaesistivity
profiling, and ultimately 3) targeted water chemistry samples and direct physézsure-

ments.

3.2 Introduction

Submarine discharges have been detected directly and indirectly in nusregeas
using seepage meters and surface water enrichments in tracers susbohged Ra, Rn,
andCHy (e.g.,Burnett et al., 2001;Charette et al., 2003). In some cases these submarine
discharges clearly consist of advected groundwater @agr,zenski et al., 2001); however,
in many cases the nature of the discharge is difficult to determine and may bestlie
of several different processes such as: groundwater advestamater recirculation, den-
sity driven convection of hypersaline salt marsh water, the releasedofieat porewater

due to sediment compaction or resuspension, or leakage of oil-field bromesubmerged
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petroleum pipelinesKrest et al., 1999; Rama and Moore, 1996; Smmons et al., 1991).
These sources differ in their chemical composition and resulting impact astalcsys-
tems. Therefore a complete understanding of the implication of submarinedistbarge
requires that we treat these sources separately and identify and guheiif individual
contributions.

Locating and determining the source of a suspected submarine dischdiffjeust
because there is significant spatial and temporal variability in the Busnétt et al., 2003).
No single method currently used to measure submarine discharge suffideatsibes any
particular system because they do not relate estimates at large and sneall(seg total
discharge to an area vs. discharge at a point location). While natwealical tracers (e.qg.,
Ra, Rn, andCH,) are useful at estimating total discharge to a large area (i.e., a bay), they
cannot be used to pinpoint the source of discharge because watsncolixing weakens
and spatially integrates the signal. Conversely, while direct spot measutraiitie seepage
meters can be used to measure discharge at any single point, and aimrdlcte discharge
chemically, they are poor at characterizing large areas because theyt dacurately re-
flect spatial variation in the system and can miss significant localized dggehaltogether.
Additional techniques that can provide more detailed spatial and tempdeshtaneeded
to complement tracer and seepage meter measurements.

Sediment resistivity profiling is a techniqgue commonly used by geologists and ca
be used to obtain information on the vertical distribution of bay bottom sedimanptie-
water conductivity Jones, 1991;Sharma, 1976). Sediment resistivity profiling can delin-
eate transitions between sediment facies as well as salinity gradients withimobiayn
sediments. This type of spatially detailed information can contribute significantlyeto
comprehensive characterization of submarine discharges. The djgplichsediment re-

sistivity measurements to investigating submarine groundwater dischardatigalg new.
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Sieglitz (2005) used a push-point electrode to delineate changes in surfdiogesé con-
ductivity through areas of suspected groundwater dischaRyatton et al. (2004) used
continuous resistivity profiling and dissolved Rn measurements to locate @irepparent
groundwater discharge within the Upper Neuse River Estuary, Nortbli@a. In August
2004, this study of Nueces Bay was conducted using continuous rigigtiefiling and
synoptic sampling of dissolved Ra isotopes, salinity, water temperature jsstdvedO-.
The goals of this study were to 1) further develop the application of coniim e
sistivity profiling and synoptic geochemical measurements for submarinieadigse studies
and 2) apply it to this continuing investigation of submarine discharge to NUgsmg Texas.
The previous surveys of dissolved Ra in Nueces Bay revealed djgrteghn dissolved Ra
activities particularly at the head of the bay (Chapter 2). A Ra mixing mod&ldeces Bay
indicated a submarine water discharge similar in magnitude to the Nueces Rivkade
(Chapter 2); this discharge is larger than expected given the arid carg]itaw hydraulic
gradient, and small tidal range. Therefore, | hypothesized that demhdign convection
(Smmons et al., 1991) of hypersaline water in the salt marsh might also contribute to the
submarine discharge. The leakage of oil-field brine (formation watenociyzed from
submerged petroleum wells and pipelines is also a distinct possibility (Chgpteovec-
tion or upwelling of hypersaline water in sediments along the marsh or leaKaglefield
brine would be seen as vertical fingers of higher conductivity on awctivity profile (an
inverted resistivity profile) and should be coincident with high salinity andali®d Ra in

the overlying surface waters.
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3.3 Methods

3.3.1 Study Area

Nueces Bay is a secondary bay of the Corpus Christi Bay system afTaith an
area of 7%m?, a mean depth of 0.7 meters, and a mean tidal range of 15 cm. At its western
end, the Nueces River delta comprises a lowk6( area of salt marshes, mudflats, and
shallow water (Figure 3.1).

A bluff along the bay’s north shore, including the White’s Point peninsuzs
10 m above the salt marsh and river valley. Except for several mam-mhiadrsions into
the marsh, much of the Nueces River currently bypasses the Nuecesudglthscharges
directly into Nueces Bay. The Nueces River outlet on the south shor&\duiteé’'s Point
peninsula on the north shore define a sheltered portion of the bay atlfjadba delta that
will be referred to as the head of Nueces Bay. This portion of the baysetested for
resistivity profiling because of the high dissolved Ra activities found duonr previous
Ra surveys of Nueces Bay (ChapteBegier and Edmonds, submitted). Nueces Bay ex-
periences dramatic annual swings in salinity driven by high annual eatipio rates and
periods of intense precipitation during the late summer and fall. Hypersalirditzms in
the summer are common, particularly in the salt marsh at the head of NueceshBes
sediment porewater salinities are typically between 35 and 80 and canasadayh as 320
(Dunton et al., 2004). Nueces Bay salinity typically ranges between 15 and 30 howeser

survey followed recent rain storms and the salinity at the head of the b&p vea7.

3.3.2 Continuous Resistivity Profiling

Continuous resistivity profiling is a controlled source electromagnetic teakniq
for measuring the vertical and horizontal distribution of electrical resigtim submarine

sedimentsJones, 1991). Sediment resistivity is a function of sediment type, porosity,-pore
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water salinity, and temperature. Using a dipole-dipole electrical array, lkerbsistivity
of sediments can be measured by creating an electric current with one dipoteode
pair and measuring the potential field at another dipole electrode pair. Biaéaduced
current creates a curved potential field a surface electrode amayeasure the bulk resis-
tivity of subsurface formations to a depth proportional to the spacing feetee dipoles.
Progressively increasing the dipole spacing increases the measum@aptmt Additional
measurements that include new and previously surveyed material are mmat®ving the
electrode array laterally along the survey line. In practice, dipole spasinaried by al-
ternating between different electrode pairs and in the case of marinestudieeying can
be done continuously by towing the electrode array behind a boat. Thal aesistivity at
a specific depth and location is estimated from the collection of bulk resistiitna&es
using an inverse modelling algorithm similar to that used in seismic profiling.

The study area was surveyed on 14 August 2004 using an AGI Matiper§ting
R8-1P resistivity meter with a towed array of 8 electrodes. The survey(Eig.1) focused
on the shoreline looking for evidence of density driven circulation. Tier mouth and
channel were also carefully surveyed looking for changes in sedigterttture associated
with the river. Two east-west transects were made for contrast andletanpss but proved
interesting in their own right. During the survey boat speed was kept bélom hr! to
maintain electrode contact with the water.

A Lowrance GPS and sonar were connected to the resistivity controllias@o-
sition and water depth could be recorded along with the apparent resistieidgured at
the electrodes. Data were postprocessed with an inverse modelling algdstietoped by
AGI to estimate the resistivity. Resistivity results are reported as their invesseluctivity

(mS cnt!), to facilitate comparison with surface water salinity.
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3.3.3 Dissolved?Ra, ?2°Ra, 2?*Ra, and ?**Ra

226Ra, 2?8Ra, 224Ra, and??*Ra are members of the three naturally occurring ra-
dioactive decay series and are each the product of Th decay. Raésswloble than Th
particularly as salinity increases. Therefore in saturated, brackisimeats such as coastal
aquifers and bay bottom deposits the Ra produced from sediment-bdupaliltions into
the porewater. This makes Ra a natural tracer of groundwater digctuatige coastal ocean
(Rama and Moore, 1996). In addition, Ra isotopes range in half-life from 3.8 days to 1600
years and are thus responsive to processes occurring at a vdrigte® and time scales
(Moore, 2000;Moore and Arnold, 1996).

In this study surface water samples (25 L) for dissolved Ra analysisSjn=ere
collected from approximately 30 cm below the surface while the boat was gogimg a
sampling loop continuously pumped at 2iin—!. Samples were filtered in the laboratory
through a 1um polypropylene cartridge filter and the Ra extracted onto a subsequlent co
umn of MnQ,-impregnated acrylic fiber at a flow rate of less than iin—!. Short lived
224Ra and?**Ra were measured using the delayed coincidence counting method developed
by Moore and Arnold (1996). Long lived??°Ra and?2®Ra were then measured on a high
purity germanium well gamma detector following the procedure outline@uigers van

der Loeff and Moore (1999).

3.3.4 Surface Water Parameters and Survey Groundtruthing

Surface water salinity, temperature, and dissol@dwere recorded with a YSI
Model 6000 sonde. The sonde was set in a flow cell in the surface setepling loop.
Measurements were logged at 2 second intervals and synchronizecsigtimity logging.

In April 2005 after the initial survey results were complete, a groundtrgthimvey

was conducted to qualitatively classify the surficial bay bottom sedimentg ieroriginal
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survey line. At each Ra sample location a 60 cm long, 7 cm diameter sedimenivae
collected and used to visually classify bottom sediments by silt, clay, and sactibif.
Sediments were visually classified based on the presence and distribusancoénd shell
and the extent that the extruded cores held their shape. The locatiobroésyed oyster
reefs, pipeline markers, and emergent petroleum well heads neamtey path were also

noted.

3.4 Results and Discussion

The survey covered 17 km within the 9.2 kinead of Nueces Bay. The entire sed-
iment conductivity profile, with details of notable sections, is shown in Figuge are
must be taken not to overinterpret features in the profile because civiguvaries in
response to several factors (temperature, sediment type, porewhigysand porosity)
and because the inversion algorithm can produce false conductivityésdrom incorrect
depth soundings. Instead | have focused on the overall conductikitytsre and on fea-
tures that correlate with surface water data. Most of the survey prafiisists of evenly
stratified layers of lower conductivity surface waters and higher coindty sediments
(Figure 3.3a, b). This is consistent with low salinity surface waters oveylyind and clay
sediments containing higher salinity porewater. In addition there is an atea sediment
conductivity (Figure 3.3c) in the center of the bay between km 8.5 andigird=-3.1 Area
I). There is also an area of high sediment conductivity (Figure 3.3d)d®ivikm 13.5 and
14.7 that contains features that are probably buried petroleum pipetiss-sections (Fig-
ure 3.1 Area Il). The Nueces River channel cross section is alsdyclésible near km 14.9
(Figure 3.3d). The interleaving low and high conductivity fingers in Araakm 8.4, 8.8,
9.4, and 9.6 (Figure 3.3c) are suggestive of brackish water plumesadiget to the bay

and appear to correspond with features in the surface water data. Sieailards elsewhere
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in the conductivity profile (Figure 3.3b) do not correlate with the surfaegewdata and
therefore are not discussed further as explained above.

These higher conductivity fingers are the most interesting features siitiiey and
appear to correspond with features in the surface water data. Theaoty fingers in
Area | at km 8.4 and 8.8 extend from the bottom of the profile (7.5 m total Jepttne
surface water and are within 100 m of the two surface salinity maxima/{&t km 8.5
and 8.9 (Figures 3.1, 3.3c, and 3.4b). At these locations there are alk® ipesurface wa-
ter temperature and drops in dissolv@d (Figure 3.4). In addition, of the 28 Ra samples
collected, sample 12 taken between these conductivity fingers had thetijgsnlved Ra
activity (e.g.,?*°Ra > 600 dpm n71?) for all four isotopes (Figure 2.5 and Table 3.1). Such
high spatial correlation between sediment conductivity and surface \whaggnistry sug-
gests a submarine discharge in this area. Increased dissolved Rdiaitygl (&>5) along
with decreased dissolved, also occur from km 13.5 to 14.7 in Area Il which contains the
petroleum pipelines (Figure 3.3d, 3.4, and 2.5).

It initially seems surprising that the strongest submarine discharge indisaimn
curred in Area | as opposed to closer to the shoreline. Simple models batieel Ghyben-
Herzberg relation predict that submarine groundwater dischargddsbeugreatest at the
shoreline where the hydraulic gradient is higheSthvartz and Zhang, 2003). How-
ever, simple models and generalizations neglect the actual complexity ¢hkceediments
(Moore, 1999). In this case, sediment groundtruthing revealed an area inrter o the
bay where surficial bay bottom sediments had a much higher sand fracéiortiib bay
margins (Table 3.2 and Figure 3.1). This area corresponds with the filea sediment
conductivity between km 8.5 and 11, suggesting that the sandy sedimeritsparthof the
bay are at least several meters deep. The sediments around the [Rixegresiouth are

also very sandy as are sediments along a portion of the shoreline northitd’$\Point.
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In contrast, the bay bottom sediments in the rest of the study area consif ofud, and
clay with presumably low permeability. Therefore preferential groundwditcharge to
the center of the bay vice the margins may be consistent with the actual distilmitio
bay bottom sediments. However limited and unsuccessful attempts to usgsoeprs
and porewater samplers in the center of the bay showed that some of ihesésandier
sediments were also very low in permeability.

The strong spatial correlation between sediment conductivity featucesends in
surface water chemistry in Areas | and Il are potentially due to one or a io@tdmn of
the following: 1) tidal mixing of fresh and saline surface water, 2) brdckigundwater
discharge, or 3) leakage of produced water from buried petroleuslipgs and wells. The
known presence of pipelines in Area Il is suggestive of this as the sairthe features
observed in this area. While the data in Area | are suggestive of bragkismdwater
discharge it is not conclusive. Additional data such as seepage metsuraeents or a
time series of sediment resistivity and surface water chemistry measuremenecassary
to determine whether the surface water features and conductivity fingedgectly related.
Leakage of produced water from petroleum pipelines and wells in Arealkspossible.
Pipeline or well leakage could release high salinity brine as well as petroietarrthe
sediments or directly into the bay. Such a brine would likely have all the ctesistocs
seen in the surface water between km 8.4 and 8.9: high salinity, high did$é&eelevated
temperature, and low dissolvéd,. Additional data such as the presence of hydrocarbons
or low Br/Cl ratios Daviset al., 1998) are needed to conclude that pipeline or well leakage
is occurring. Finally although little evidence of density driven convection feand at the
shoreline of the salt marsh, the channels and bayous of the marsh wexerveyed, thus

convection from the marsh cannot be eliminated as a discharge source.
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3.5 Conclusions

Synoptic surveying of sediment conductivity and surface water chenfiatrg pro-
vided a more complete understanding of submarine discharges to Nugcasdidentified
specific locations for further research. The results suggest that withihead of Nueces
Bay groundwater discharge and/or produced water leakage occgedylén one, possibly
two, relatively localized areas. Future studies of Nueces Bay shouls foc these areas
looking for chemical evidence of produced water leakage from petmolpipelines and
direct physical measurements of seepage.

Sediment resistivity profiling is a powerful technique that can providealdtidata
to more comprehensively characterize submarine discharges. Sedasistivity measure-
ments can link large and small scale studies when used in a sequence géXdale tracer
assessments, 2) detailed synoptic surveys including resistivity profitieg3etargeted wa-
ter chemistry samples and direct physical measurements. In this studwigsstvided
unigue data that complemented dissolved Ra and surface water measurémaghts im-
provements in resistivity data can be achieved in the future by employing noousade

methods for measuring bathymetry.
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Table 3.1: Upper Nueces Bay synoptic survey Ra activities.

Sample ?Ra  ??Ra  ?*’Ra  ?*»’Ra
(dpm nT3)

424+33 642+53 45550 36.1:5.1
420+33 570t54 18527 6.5t1.1
443+34 734+61 512492 41.2£6.4
4738 TO0A64 832:140 44.9:5.6
475+39 713t55 1144380 16.2£2.5
466+35 73259 50H-73 23.13.3
543+41 882:69 915192 39.5:5.7
470+37 77468 122427  4.3:0.9
9 46236 71860 1058265 36.3:5.0
10 626t49 90479 220t40 6.2:£1.0
11 530Gt42 86375 9318 6.8:1.2
12 63349 1054+90 1302:372 51.3:7.4
13 5342 T75H66 500t82 43.4:6.7
14 545+42 696t59 584+120 40.46.9
15 48H-38 599t57 472137 34.5:5.8
16 464137 71Gt65 17466 7.4:1.3
17 405-33 61857 782206 37.4:6.4
18 476£38 682£61 493t113 35.4:6.3
19 492438 72660 537493 38.5:6.6
20 56445 94883 470t97 28.24.6
21 580t44 102Gt81 679179 40.6:7.4
22 63149 91879 616t258 30.8-4.8
23 538t41 81466 37188 27.4:3.5
24 44°H36 67360 63t21 2.4-0.6
25 44834 76462 614264 30.5:5.4
26 532t41 80466 122t28 5.A1.2
27 45436 754t67 922 5.2+1.1
28 43H-34 896t72 384t108 16.2-3.0

CO~NO OIS WN PP
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Table 3.2: Upper Nueces Bay Sediment Survey.

Station Sediment Type Comments

1 mud Buried pipeline sign.

2 mud Contained some shells.

3 mud

4 clay/mud Mostly clay.

5 clay/mud Contained some shells.

6 mud

7 mud

8 clay/mud

9 mud

10 clay/mud/sand

11 mud

12 sand/mud/shells

13 sand/mud/shells

14 sand/mud/shells

15 sand/mud/shells Progressively more mud below 5 cm.

16 mud/sand

17 mud

18 mud/shells Shells on surface.

19 oyster reef

20 mud

21 clay/mud Some sand and shell at surface.

22 mud Buried pipeline sign.

23 sand/mud Layered surface of sand/mud, 20 cm
down is sand, 40 cm down is mud.

24 sand/mud Progressively more mud below 5 cm.

25 sand/mud Approximately 80% sand.

26 sand/mud Progressively more mud below 5 cm.

27 mud/shells
28 mud/shells

T Sediments were visually classified based on the presence and
distribution of sand and shell and the extent that the extruded
cores held their shape.
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Figure 3.1: Upper Nueces Bay showing the salt marsh to the west and gwdRiver
channel to the south. The survey proceeded west from the river mclottkwise along
the shoreline, making two transects through the bay, and finished with ¢ctarssgoss and
along the outlet of the Nueces River channel. Ra sample locations are neekekite
circles with every fifth sample and the last sample labeled. The highest adlisgglved
Ra samples are marked by red circles. Areas of elevated surface saleiglared yellow
to red and areas of high mean subsurface conductivity are coloreawtellpurple. Area |
had subsurface conductivity features that were within 100 m of seigatinity and water
temperature highs and dissolved lows. Area Il, containing several petroleum pipelines,
also had subsurface conductivity features, elevated surface Riyeatid salinity, and low
surface dissolve@s.
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Figure 3.2: Schematic diagram of marine resistivity profiling. In marine apjmics of
continuous resistivity profiling, an electrode array is towed at low spgeal linat. Resis-
tance data is collected by applying an electric potential to the different eflecbmmbina-
tions and measuring the induced electric curreddads, 1991). Since the electric fields are
curved the horizontal spacing of the electrodes determines the depth wieturement.
The raw resistance data simply indicates the combined resistance of all théahelterg
the electric field line for a particular electrode pair at a specific point alomguinvey. After
all the raw data is collected it is post processed using an inversion algdtithrfits a 2D
conductivity field to the raw resistance data.
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Figure 3.3: Results of the conductivity survey including a) the full supagh; b) a segment
along the salt marsh shoreline; c) Area | , west of White’s Point, with eldvaigface
salinity; and d) Area Il containing pipeline indications and the Nueces Rhivannel. In c),
the location of the surface salinity maximax®) are indicated by vertical black lines and
the survey maximum Ra activity (sample 12) by a vertical red line. Water depttitated
by a black line in all panels. The blank areas in the survey starting at km 12.8, 15.3,
and 16.2 are where raw data was too sparse to permit an inverted caeitglusziution.
Raw data can not be collected when an electrode breaches the waaeesumfthis survey
wind speed increased in the afternoon to the point that in some parts ofythbdoavaves
were large enough to regularly expose the electrodes to the air in the waghs:
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Figure 3.4: Results of the survey for a) dissolvétRa, samples 12 and 22 are marked
with ticks on all frames; b) surface salinity, c) water temperature; and dphbliisd O.
Water temperature and dissolved generally increased during the course of the day. The
influence of the Nueces River is apparent in the low surface salinity msolded??°Ra
activity near survey km 15.5; another surface salinity low near km 1.5 reag flume or
eddy of Nueces River water.
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Figure 3.5: Results for dissolved #fRa, b) ??®Ra, c) ?**Ra, and d)??3Ra. Long lived
226Ra and??®*Ra activities exhibit very similar trends, peaking in two locations. Short lived
223Ra is nearly bimodal either high or low whif#*Ra shares both the trends £ Ra and
those of*26Ra and??*Ra.
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Chapter 4

Ra isotopes and methane reveal
pattern in submarine discharges to

three Texas Coastal Bend Bays

4.1 Abstract

Previous studies of Nueces Bay, Texas have indicated a large subRarswirce
at the head of the bay (Chapters 2 and 3). In this study, Nueces BajvaéidsRa activities
and CH, concentrations are compared with those of two adjacent bays. The lifgys d
in 1) the relative importance of river discharge and net evaporatioter®strial aquifer
level, and 3) the scale and density of their submerged petroleum infrastacDissolved
226Ra??®Ra???Ra, and?**Ra activities were measured in the three bays at three separate
periods during the course of their seasonal flushing cycles. In additiong the final set
of surveys, dissolved CHwvas measured to obtain an independent indication of submarine

fluid discharge. These results show that the seasonal increase ilvelis$6Ra activity for
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Nueces Bay is substantially larger than for either Copano Bay or Baffyn Bae Nueces
Bay station with the maximum?®Ra exhibited a 4.7 dpm day increase between the
last two survey periods. In comparison, the Baffin Bay station with the maxiditiRa
activity exhibited only a 2.7 dpm day increase during a similar period and Copano Bay
226Ra activities held steady between the last two surveys. For Nueces Baipdiease
cannot be readily explained by either evaporative concentrationenin supply. Nueces
Bay also has significantly higher Gldoncentrations than either Copano or Baffin Bay. The
CH, concentrations are highest at the head of Nueces Bay in the same amesdigsolved
226Ra activities were highest. These results indicate that the Ra supply to S\Bagds
unusually large even regionally. The most relevant differences battiecthree bays that
might account for this are 1) the proportionally larger salt marsh at the bieldueces Bay
and 2) the higher density of petroleum wells and pipelines. Though subsrgmonndwater
discharge cannot be ruled out it cannot completely account for thernadisons. Leakage
of oil-field brine can be inferred when these results are considered alih the the size

of the Ra imbalance indicated in Chapter 2.

4.2 Introduction

Previous studies of Nueces Bay, Texas, found exceptionally highliss&?Ra
and??8Ra activities particularly at the head of the bay (Chapters 2 and 3). In i in
surveys of Nueces Bay (Chapter 2), the maximum obset¥d®la activity was 100878
dpm n73. For comparison thé’’Ra measured in other coastal waters has typically been
<600 dpm nT3 (e.g., Spencer Gulf Australia; the waters of the Amazon shelf; North Inlet,
South Carolina; Waquoit Bay, Massachusetts; and PettaquamscutteRivary, Rhode
Island) Charetteet al., 2001;Kelly and Moran, 2002;Mooreet al., 1995;Rama and Moore,
1996;\ech et al., 1995) (Figure 2.8). Only in the Bay of Bengal have comparable disgolve
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226Ra activities been observed (maximum of 1140 dpm’)rand the high values were
attributed to submarine groundwater dischay®dre, 1997). Similarly, a mixing model
for Nueces Bay suggested that a submarine Ra supply on the ordi#r ©fl0° dpm day !
was necessary to account for the high B&iRa activities (Chapter 2). This submarine
Ra input is large; it represents 100 times the Ra supplied by the Nueces Ringal
surveys also showed that dissolved Ra activities were highest at tdeoh®aieces Bay;
subsequent geochemical and geophysical surveys in this area indicatéhere were one
or perhaps two relatively localized submarine Ra sources (Chapteh8)gdochemical and
geophysical surveys showed dissolved Ra maxima coincident with 1) eartg vertical
conductivity fingers in bay bottom sediments and 2) maxima in surface salirdtyvater
temperature and minima in dissolved.OTogether these results suggested two possible
submarine Ra sources: 1) brackish submarine groundwater disql$3@ Burnett et al.,
2003) and 2) the leakage of oil-field brine from the numerous submergiedigum wells
and pipelinesiludak and Wachal, 2001).

The goal of this study was to evaluate these two potential sources of Rartpac-
ing the dissolved Ra activities of Nueces Bay to those of adjacent baps©G@nd Baffin)
that differ in 1) the relative importance of river discharge and net esatjpn, 2) terrestrial
aquifer level, and 3) the scale and density of their submerged petroletastmicture (Fig-
ure 4.1 and Table 4.1). Dissolvé#fRa,??®Ra,??3Ra, and®**Ra activities were measured
in each bay at three separate periods during the course of their atflsshing cycle to
enable comparisons by absolute Ra activities, activity ratios, and séabamges in Ra
activity. In addition to measuring dissolved Ra activities, dissolved ®&k also measured
in the final set of surveys to obtain an independent indication of submfauidelischarge.

Long lived??°Ra and**®Ra and short lived**Ra and*?3Ra are enriched to differ-

ing degrees in brackish groundwater and sediment porewaters; inyartang lived*?Ra
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(1600 year half-life) is greatly enriched in groundwater relative tornvater, seawater, and
sediment porewater making it a good general tracer of SGiauette et al., 2001). How-
ever oil-field brines are also enriched in Réréemer and Reid, 1984); therefore, in this
study high dissolved?’Ra activities are considered an indication of either oil-field brine
leakage or SGD. Similar to Ra, GHss enriched in groundwater and porewaters of anoxic
sediments due to methanogenesis and has also been used as a tracer(efgsBOgna
etal., 1996;Swvarzenski et al., 2001). The dissolved CH:oncentration of water in equilib-
rium with the atmosphere is approximately 2 nM while concentrations in groutetdwan

be several orders of magnitude greater.

The previous studies of Nueces Bay made use of 1) bay scale Rasanaynixing
models and 2) detailed geochemical and geophysical measurements in a pbNigeces
Bay where Ra activities were highest (Chapter 2, Chapter 3). This sakdg a third ap-
proach of comparing bay Ra activities on a regional scale and by doiagldesses the
basic question, "Are the absolute and seasonal changes in Nuec&aBayivities repre-
sentative of other bays in the region?" It is demonstrated below that tkersddncrease
in dissolved®?°Ra for Nueces Bay is larger and more rapid than for either Copano Bay or
Baffin Bay. This suggests that the Ra supply to Nueces Bay is substantighy than for
the other two bays and of the differences between the bays it is the petroi@astructure

density that most readily correlates with a large submarine Ra input to NBeges

4.3 Methods

4.3.1 Study Area

Among the bays and estuaries of the Texas Coastal Bend are Copandugags
Bay, and Baffin Bay. These three bays have adjacent watershddshare a common

primary connection with the Gulf of Mexico through Aransas Pass (Figi2e #hese three
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bays differ in salinity, river inflow, bay water residence time, net prediita the relative

size of the wetlands to the bay area, and terrestrial aquifer level (Tabje Regionally,

precipitation decreases from east to west such that Copano Bay typeediiyes the most
rainfall and Baffin Bay the least (Table 4.1). The Nueces River is tlgestrof the three
watersheds. However, most of the drainage is impounded in reseril@rsnimpounded
(free) watershed is actually smaller than either the Baffin or Copano whatgssWhile river

inflow from these watersheds generally follows the regional precipitatiemd{r Nueces
River discharge is augmented by discharge from its impounded waterdhaeces Bay
also has a larger wetland system relative to bay size than the other twoTadye 4.1).

The regional aquifer system is a network of confined and unconfingadaof silt, clay,

sand, and gravel. Groundwater level generally follows the coastajjtapby except around
Baffin Bay where municipal use and low recharge has caused watés tevérop below

sealevel (Figure 4.1).

Oil and gas production in the region is long-established and pervasilieobdand
and in the bays. There are a total of 624 wells in the three bays combingdnGd@ay
has the most wells, Baffin Bay has the fewest wells, and Nueces Bayddsmisest con-
centration of wells (Figure 4.3, Table 4.Tlekas Railroad Commission, 2005). A quarter
of these wells actively produce oil, gas, and or a mixture of both (activis)wvélalf of all
the wells were actively producing oil or gas at one time but production basceased or
diminished to the point where they have been shut down (inactive wellghedé inactive
wells a few are shut off but maintained to potentially be restarted in the fuhegeest have
been permanently plugged by filling in the bottom of the well with cement. A quaeitée
wells never produced oil or gas (dry wells). In addition to the wells themsedlvere are
numerous submerged and buried pipelines that transfer petroleum aifrdigethe wells to

shore facilities as well as refined petroleum products between facilitiessatre bays.
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Along with oil and gas, active wells also produce saline water (referrduete
as oil-field brine). The relative amount of water varies from well to well. fi@ild brine
chemistry also varies from well to well but typical brines are very saling lagve high
dissolved Ra activitiedHudak and Wachal, 2001;Kraemer and Reid, 1984). Qil field brine
is separated from the petroleum product and disposed of by injection é&p disposal
wells (typically into oil formations that are no longer productive). Wells max lbaough
compromised well casings and plugs or at surface valves and flangegotential exists
for any of these wells (and pipelines) to leak though there is insufficietat tdaevaluate
which type of well might be more likely to leak. In this study the total number of wells
within a bay is used as a qualitative indication of leakage probability and bayempared

based on the number of wells divided by the bay volume.

4.3.2 Sample Collection

Surface water samples (50 L) for dissolved Ra analysis were collecwd@opano
Bay, Nueces Bay, and Baffin Bay at three periods during their sahfoshing cycles (Ta-
ble 4.2, 4.3, 4.4, Figure 4.3, and Figure 4.4). The first set of samples2004)
followed a period of heavy rain, when river discharges were highkadsalinities were
reduced to seasonal lows. During this initial period, Nueces Bay samptdé2) were col-
lected on 10 and 12 July 2004, Copano Bay samples (n=12) on 13 July 200 Baffin
Bay samples (n=12) on 15 July 2004. The goal of the second set ofesamas to observe
each bay at a period when salinities were midway to their final seasonal makimsagoal
was met for the samples collected from Baffin Bay (n=8) and NuecesB=8) ©n 8 De-
cember 2004 and 26 January 2005, respectively. The samples colieste@opano Bay
(n=8) on 1 December 2005 ultimately proved closer to the seasonal salinitynmaxhan

did the final samples. The final set of samples was timed to observe eahtbfdl bays
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near the end of their seasonal flushing cycles when they approaahieditfhest salini-
ties. During this final period, Copano Bay samples (n=12) were collectd@day 2005,
Nueces Bay samples (n=12) on 25 and 27 May 2005, and Baffin Baylesuimz8) on 8
June 2005. Samples were collected by submersible pump and stored in Aethglene
bottles. Water temperature and salinity were determined using a YSI Modeir&eS
Samples were also collected from the tidal inlet at Aransas Pass, the prineas/
feeding the three bays, and regional water wells, lakes, ponds, sdFbare 4.2). Aransas
Pass samples (50 L, n=32) were collected biweekly from The Univerkifgxas at Austin
Marine Science Institute (UTMSI) pier lab from 16 July 2004 to 29 July 28i€%er by sub-
mersible pump or as grab samples (Table 4.5). River samples (75 L, n¥d)ocokected
from the Mission and Aransas Rivers in the Copano Bay watershed@@Imos Creek in
the Baffin Bay watershed. The other large drainage in the Baffin wateér&an Fernando
Creek) was dry when sampling was attempted (11 May 2005). NuecesRivpling was
included in the bay surveys. Groundwater samples (25-75 L, n=2( wealected from
wells equipped with downhole pumps, flowing under artesian pressuusijrg a portable
pump (Table 4.6). Surface samples (n=5) were also collected fromibhapknds, salt
marshes, and intertidal areas. Porewaters were sampled using a 1.8 rRMHiEts stain-
less steel minipiezometer; in only two cases were sediments permeable enaadjledd

sufficient water for Ra analysis.

4.3.3 Ra Activity Measurements

Samples for Ra analysis were filtered in the laboratory throughua polypropy-
lene cartridge filter and the Ra extracted onto a subsequent column of-Mm@egnated
acrylic fiber at a flow rate of less than 1 L mih Short lived?**Ra and*?3Ra were mea-

sured using the delayed coincidence counting methddaafre and Arnold (1996).%26Ra
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and??®Ra were then measured on a high purity Ge well gamma detector following the pro
cedure outlined byRutgers van der Loeff and Moore (1999) and described in Chapter 2.
The??®Ra and??°Ra activities of the precipitates were determined by gamma counting the
daughter nuclide&8Ac and?'“Pb by their 911 and 351 keV gamma emissions respectively.
The 1r counting error is reported for all measurements and was typically 5-1@oifed
activities are decay-corrected to time of sample collection.

In most studies, Mn@fibers prepared in this way are assumed to quantitatively
extract Ra from water samples at flow ratesdf-2 L min—!. Extraction efficiency in this
study was verified to be-95% by using two Mn@ columns in series for several samples
and determining the relative amounts adsorbed to the primary and secaudiamns. A
combined collection and counting efficiency for the gamma detector was deéztrhin
preparing two solutions of knowft®Ra and*?SRa activity from standards and precipitat-
ing, collecting, and counting these standards in the same way as the sampledin@
efficiencies for the delayed coincidence detectors were determineduying a MnGQ
fiber column of knowr??*Ra and??3Ra activity prepared by Matt Charette at the Woods

Hole Oceanographic Institution.

4.3.4 CH,; Measurements

Air free water samples (120 mL) for CHnalysis were collected in 150 ml polyethy-
lene gas tight syringes and stored submerged with ice in the field. Samplesnayzed
the same day, typically within 8 hours of collection on an SRI 8610C gas chogmagh
(GC). Prior to analysis samples were allowed to equilibrate to room temperatangater
bath. To extract the dissolved GH0 ml of He was added to each syringe, the He/sample
mixture was shaken vigorously for 3 minutes and allowed to equilibrate for 15bitesn

prior to injecting the head space gas into the GC. Extraction efficiency fee tbeemple and

76



headspace volumes was determined to be 70% by stripping and analyzéngl samples
twice and comparing the CHoncentrations. For gas separation two capillary columns, a
2 m molecular sieve 5A and a 15 m Porapak Q, were used in series. Thea&€Equipped
with a pulse discharge detector and flame ionization dectector both capatiédeating
CH4. While results for both detectors are similar the flame ionization dectector data ar
reported because this detector is more selective for @ttl peaks are more readily quan-
tifiable and less subject to noise. The GC was calibrated using mixtures ofiigitrgurity

He and a 100 ppm CHin He standard gas mixture. The ¢ldartial pressures measured
with the GC were corrected for extraction efficiency and converted toldisd CH, con-

centrations using an expression of the Ideal Gas Law and Dalton’s { Bertial Pressures:

P 1. 1273.15 K 1
( 00 mol 273.15 )Vhs 4.1)

Cep, =P
CHi = PO Q73 15 K+ 7) \ 1.00atm 22.4L ) V,, Eofy

whereCcp, is the dissolved molar concentratiaf; 7, is the mole fraction measured with
the GC,P is air pressure (atm)]" is air temperature (Celsius)},s is the volume of the

headspace ga¥},, is the water sample volume, aifgl  ; is gas extraction efficiency.

4.4 Results and Discussion

As observed previously for Nueces Bay (Chapter 2), the dissolveacRaties of
all three bays are high relative to other coastal waters; over the entihe géwiod the mean
226Ra activities for Copano Bay, Nueces Bay, and Baffin Bay weretd22 dpm nv?,
4314247 dpm nm3, and 615-171 dpm nT3, respectively (Figure 4.5 and Table 4.3). Bay
water Ra activities are also high relative to many but not all groundwaeples; 7 of the
groundwater samples had dissolé®Ra activities> 680 dpm n7? and three were higher

than 1150 dpm m? (Figure 4.6 and Table 4.6). To move beyond these points, the analysis
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will now consider the differences in the temporal trends in Ra activity beivilee bays
and the spatial relationships between Ra activities, Ghhcentrations, and petroleum well

distribution.

4.4.1 Seasonal Trends

The primary differences between Copano Bay, Nueces Bay, andhBBafi salini-
ties and Ra activities (Tables 4.2-4.4, Figure 4.7) are clearly due to diffesén the volume
and timing of river discharge relative to net evaporation. For all threes,arecipitation
and river discharge were unusually high during the two months prior tottidy eriod
such that by the first set of surveys all three bays had been fluslsedsonal low salinities
and Ra activities (Figure 4.7). During the study period, Nueces Bayvestéhe greatest
river inflow followed by Copano Bay then Baffin Bay (U.S. Geologicah®&y, 2005). Res-
idence time with respect to gauged river inflow was 30 days for Nuecgs3®a days for
Copano Bay, and over 35 years for Baffin Bay (Table 4.1). In corspay residence time
with respect to direct net evaporation (or in this case evaporation) isatjyp62 days for
Nueces Bay, 428 days for Copano Bay, and 524 days for Baffin Bawysidered together it
is clear that Nueces Bay is a net exporter of water to the regional btgnsysd Baffin Bay
a net importer (inverse estuary). Compared to Nueces Bay, Copanis Baly a marginal
exporter of water. The consistently lower salinities and Ra activities of GoBay can
largely be attributed to the importing of substantially more river water from thiéham
watersheds than either Nueces Bay or Baffin Bay.

Though unremarkable in terms of total river discharge, Copano Baytableofor
both peak and greatest sustained discharge (Table 4.1). During thepstudd Copano
Bay experienced two river inflow events (one minor and one major). Quhia remainder

of the study period river discharge was consistently at least 63,8atagt! (Figure 4.4a).
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Nueces Bay experienced four major inflow events between which rigehdrge dropped
to as low as 300 rhday~'. No major river inflow events were recorded by the river gauges
in the Baffin Bay watershed and gauged river discharge was sustairg@D n? day !
though it is likely that much of this discharge evaporated, infiltrated the graunvas
otherwise diverted prior to reaching Baffin Bay. However the Baffiuerigauges do not
include a large part of the watershed so the guaged discharge mayestithate actual
river inflow (Figure 4.2). This suggests that with respect to river infld@pano Bay was
functioning near steady state. This appears to be reflected in the Copgnsabnities,
226Ra, and®?®Ra activities which peaked during or prior to the second survey (Figiia 4
b, and c). Baffin Bay on the other hand did not reach steady state wihae® salinity,
226Ra, or??®Ra activities all of which increased steadily during the study period as water
was imported from the regional bay system and concentrated by etiamora

In the case of Nueces Bay, the river discharge and bay salinity re¢bigure 4.4a
and b) show that bay hydrology and general chemistry are episodibliaeces Bay?°Ra
and??8Ra activities (Figure 4.7b and c) show large seasonal increasespiBoelie nature
of Nueces river discharge may explain the variability in the short IR#8&Ra and*>*Ra
results (Figure 4.7d and e). For Nueces B&Ra and®?*Ra, the initial elevated activities
and the very high final activities are probably due to input of bay bottomevpater by
sediment resuspension during episodic river discharge. The imceadivity from such
episodic inputs of short lived isotopes would decrease rapidly due to dilatid radioactive
decay. For Copano Bay and Baffin Bay similar initial inputs are also stegéds/ the
seasonal decrease in thé¢Ra to??®Ra ratio (Figure 4.7f). Both Copano Bay and Baffin
Bay probably received their largest inputs8fRa and®?*Ra during the period of high
river discharge prior to the study period.

Taken together the trends in river discharge, salinity, and Ra activityusksd
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above show that the three bays function differently during their se&flashing cycles.
Copano Bay quickly reaches steady state at salinities between 7 and i€lativetly low
Ra activities. Baffin Bay operates as an inverse estuary ultimately reatfenigighest
salinities (up to 37.5) and the highé$tRa activities (up to 3232 dpm ™) measured in
the three bays during the study. Nueces Bay salinity and Ra activity ircreedeadily
throughout the study ultimately achievidgfRa activities as high as those of Baffin Bay
but at significantly lower salinities.

Nueces Bay salinity??Ra, and**®Ra activity (Figure 4.7a, b, and c) increased by
as much or more than for Baffin Bay and in less time. This is in apparent clictica
with the fact that Nueces Bay received substantially greater river aigetboth in absolute
terms and proportional to bay volume. The next step is to consider whather gverine

input or evaporation can explain such a large seasonal increase.

4.4.2 River Input and Evaporation Effects

The dissolved?°Ra activity of Nueces River water is 200 dpm nt? (Chapter
2) and can only dilute the higt?Ra activities of Nueces Bay. However Ra also desorbs
from riverine particulate material as salinity increases; desorption isyne@amplete when
the mixture reaches a salinity of Kiest et al., 1999). Could the Ra desorption from
riverine particulate supply the need&dRa in Nueces Bay? In chapter 2 it was concluded
from dissolved Ra measurements across the 0-12 salinity gradient thassiwdblé?Ra
contribution from the Nueces River near mean river discharge wasp8® 3. It is
possible that the desorbable contribution might increase during or justafe episodic
discharge events but the largest such event during this study didsuit ire substantially
higher bay’?°Ra activities; the highest®Ra activity during the initial survey was 305 dpm

m~3 (Table 4.3 station N5) at a salinity of 5.7. Therefore | conclude thatiriegRa supply
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cannot lead to the higft®Ra activities of Nueces Bay. This is supported by the fact that
in Copano Bay??Ra activities decreased after a large river discharge event between th
second and third surveys (Table 4.5).

To evaluate the effects of evaporation, Nueces Bay will now be compaitbd
Baffin Bay where evaporation is the largest net flux of water. Nueaas linity and
226Ra and??®Ra activities increased as much or more than Baffin Bay and did so in a
shorter time span. Stations B9 in Baffin Bay and N16 in Nueces Bay illustratddrge
the increase if?°Ra was for Nueces Bay (Figure 4.8). During the 182 days between the
second and third surveys th& Ra activity at B9 increased from 6789 to 1164-100 dpm
m~2 and the salinity increased from 27.4 to 37.5. In comparison it took only 196 foa
the?26Ra activity in the area of N16 to increase from 362 (N1) to 112287 (N16) dpm
m~3 while the salinity increased from 13.20 to 19.3. The direct net evaporatitimese
areas can be estimated by assuming the system is closed to Ra exchangmgdréssive

increase in activity would then be:

(4.2)

where A  is the final activity,A; is the initial activity, &/ is the daily direct net evaporation

rate,D is the water depth, and is the number of days between final and initial activities.
In fact neither Baffin Bay nor Nueces Bay is closed to the addition of Bernerated

in bay bottom sediments, though for long livéfRa this contribution is smallQharette

et al., 2001;Krest et al., 1999). In Chapter 2 an upper limit of 0.6 dpnTthday ' was

estimated for the regeneratét#Ra contribution based on previous Nueces Bay surveys

and Ra mixing models. By using Equation 4.2 to create a daily sequence witreratgd

226Ra added daily, the evaporation rate can be found iteratively. The apomition rate

for Baffin Bay at B9 is 77 cm yr!' based on the 182 day change’fiRa activity and a
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depth of 0.93 m (for this portion of Baffin BayP{ener, 1975). This calculation exactly
matches the mean of 77 cmyrfrom precipitation and pan evaporation measurements for
the period of record (Table 4.1). In the case of Nueces Bay, even iNfltearea were
closed to lateral Ra exchange it would still require a net evaporation fdt20ocm yr

to cause the observed increaséih Ra activity. This is much greater than the Baffin Bay
rate and more than double the 54 crimymean based on precipitation and pan evaporation
measurements in the Nueces area (Table 4.1). In addition this part of :NBagemixes
with lower Ra activity waters both from the river (hence the lower salinitiesl) faom the
regional bay system. Therefore an even higher net evaporation oatd tve necessary than
the one calculated. Consequently, | conclude that while evaporatiorficesuifto explain

the behavior of Ra in Baffin Bay, it is insufficient to explain the large inseeand high
absolute values of dissolvéé’Ra activity in Nueces Bay.

This large increase if?Ra activities in Nueces Bay suggests that the Ra supply to
Nueces Bay is enhanced relative to Baffin Bay and Copano Bay. ficylar the area at the
head of Nueces Bay stands out as an area of high Ra activity. Thibasdwad the highest
226Ra activities in four out of the six Nueces Bay sampling periods conductedgithis
and the previous study (Chapter 2); the two times when this was not the easaluring
the lowest salinity surveys immediately after the bay had been flushed nydiseharge
(Figure 4.9). Besides river discharge, three things make Nueceg&ay sut from Copano
Bay and Baffin Bay: 1) its extensive salt marsh system, 2) positive hiidrgradient of
the watertable towards the bay (Figure 4.1), and 3) the density of its suedpegroleum
infrastructure. The potential influence of these factors will be evaluagezbmparing dis-

solved??SRa activities with CH concentrations and petroleum well distributions.
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4.4.3 CH, Concentrations

Results from the May-June 2005 surveys show that Nueces Bayg@ttentrations
are significantly greater than either of the two other bays (Table 4.7) apipirey the con-
centrations of the well samples (Table 4.8). Bay Gidncentrations were compared using
unpaired, two-sided t-tests for samples with unequal variances, rtentsl@vere removed,
and, in the case of Nueces Bay, salt marsh samples were not includecheem CH con-
centration in the open water of Nueces Bay was 22.6 nM with a high at statiérofNgl7.7
nM. CH, concentrations in the Nueces salt marsh were as high as 114 nM. Copgian&
Baffin Bay mean Chlconcentrations were 6.41 and 3.96 nM respectively. For comparison,
the mean CH concentration in the ten groundwater samples for which @re measured
was 159 nM with a maximum of 302 nM.

The highest CH concentrations (67.7, 73.9, and 114 nM) were found in and near
the salt marsh at the head of Nueces Bay at the same stations with the R#§Resand
228Ra activities (Figure 4.10). Beyond this association there was no othariisie re-
lationship between CHconcentrations and Ra activities in Nueces Bay. In Copano Bay,
CH, concentrations anéf°Ra and®*?®Ra activities showed some correlation with higher
levels in the southern part of the bay and near the bay outlet (Figure 4riBgffin Bay
there was no discernible relationship between,€bincentrations and Ra activities (Figure
4.10).

The most compelling observation relative to the petroleum infrastructureti€tha
concentrations, seasonal increases in Ra activity, and petroleumemsitylare all highest
in Nueces Bay. Comparing GHoncentrations and Ra activities against the petroleum
well spatial distribution provides little additional information because theresarmany
petroleum wells and most of them probably do not leak (Figure 4.3). NuBeg has

wells and pipelines throughout the bay such that nearly every sample stas@potential
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oil-field brine source in the near vicinity. For instance, the head of NuBegswith the
highest CH concentrations ant?’Ra and®?®Ra activities, contains 48 wells including 13
outside of the high density area shown on Figure 4.3. For Copano Bayethand pipeline
distribution is patchier with large groups of wells in the south bay and nearapenouth;
areas that generally have higher Cébncentrations and Ra activies. For Baffin Bay, there
are very few wells outside of the areas indicated on Figure 4.3 and the mugrdable
connection is that station B9, which of all bay samples had the gréat&s activity, is in

an area with numerous petroleum wells.

4.4.4 Evidence of High Dissolved®®Ra Activity Submarine Discharges

The results indicate some important differences between Nueces Bayeaoihén
two bays. First, the seasonal increases in salinity and disséi&h and*?*Ra activi-
ties were substantially larger for Nueces Bay than for the other baystel@spportionally
greater river discharge. Second, Nueces Bay Cbhcentrations were significantly higher
than those of the other two bays and there was a clear association betigedH; con-
centrations and high Ra activities in the head of Nueces Bay. Of the physideologic,
and anthropogenic differences between the three bays two standpertiagnt to the dif-
ferences in the Nueces Bay results 1) the proportionally larger salt naarnsie head of
Nueces Bay and 2) the high density of the petroleum infrastructure (#ableThe propor-
tionally larger amount of cropland in the free Nueces watershed is alsbladiat when
cropland is compared in either absolute terms or relative to bay size thdatimmewith
high Nueces Bay Ra activity breaks down.

For CH; the high concentrations in the Nueces salt marsh suggest this may be a
strong input to the bay. The salt marsh may also be an important sourcetofNRa&eces

Bay. The highest dissolvet#®Ra activity measured in Nueces Bay was 1482 dpm
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m~3 at station N16 in the head of the bay. Besides station B9 in Baffin Bay, onfyotber
samples in the study had highéfRa than station N16. Three were well samples (Table 4.6
samples W16, W19, and W34) and one was a porewater sample from didaitieret on

the barrier island (Table 4.9 station S8); none were in the Nueces walerSber surface
water samples were nearly this high witffRa activities> 1000 dpm n1?3 (Table 4.9 S2,
S5,S6, and S7); two were in the Nueces salt marsh. Thus, high Ra actatiy & present

in the salt marsh, but the activities are too low to account for the high optar aetivities

at station N16 when dilution is considered. It seems likely that the salt marsiwvaters
would have sufficiently high?°Ra activities, similar to the porewater at station S8 on the
barrier island (1654 dpm m?). Rama and Moore (1996) made extensive measurements of
Ra production in the salt marsh sediments of North Inlet, South Carolina, etedmned
that??°Ra production in the first 15 cm of the marsh sediments was 1.2°X dpm cn1?
day!. If we assume that?Ra production rates are similar in the Nueces wetland system
(75 kn?: Table 4.1) then th&?°Ra production would be 9 x £@pm day '. This is small in
comparison to the 218 x £@lpm day ' input necessary to balance the Nueces BéRa
budget (Chapter 2). In addition the salt marsh sediments are mainly mud anditta
low permeabilities so it is not clear how large amounts of Ra produced in thengadh
sediments would be delivered to the bay on a regular basis. Finally, syrysuphysical
and geochemical surveys conducted along the edge of the salt marshténaic sign of
submarine fluid discharge (Chapter 3).

These same surveys did find evidence of high dissolved Ra submarimardjss
near petroleum wells and pipelines in the head of Nueces Bay. Samplesabbibfield
brine have dissolveé’®Ra activities that range between 100 and 34,700 dpm with a
mean of 10,000 dpm n¥; their salinities range between 7.5 and 36.3 with a mean of 25.5

(Kraemer and Reid, 1984). A previous Ra mixing model of Nueces Bay indicated the size
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of the submariné?’Ra input wa218 x 10° 4 105% dpm day ! (Chapter 2). Based on
the mean measured local oil-field briff€Ra activity of 12,000 dpm m? it would take an
oil-field brine leakage rate of 18,200°may ' to supply the needett’Ra. The only data
available with which to compare this estimate with are previous permitted brine digsha
Oil field brine discharge to coastal waters is no longer permitted but in thg £890s
the active discharge to Nueces Bay was 2,478day ! (Caudle, 1993). This was in fact
only a fraction of the historic permitted discharge, which had been as hid0,488 ni
day~! (Armstrong and Ward, 1998). In comparison a present-day leakage rate of 18,200
m3 day ! is unrealistic. Obviously if higher activity brine is leaking this would reduce
the rate; using the highest measufé®Ra activity of local brine samples of 34,700 dpm
m~—3 (Kraemer and Reid, 1984) reduces the leakage estimate to 6,29@lay'. In fact
actual local brine samples may be significantly higher than the measured Mahaemer
and Reid (1984) note that because brine samples were often collected from hetdalikg)a
significant amount of the dissolved Ra probably precipitated with barite fteat forms as
the warm brine cools. An oil-field brine sample from Galveston, Texas R&tRa activity
of 695,000 dpm m? and nine samples from the Louisiana coast had activities1(° dpm
m~3 (Kraemer and Reid, 1984). A leakage rate of 200 to 30G may ! of such fluids could
easily account for thé’Ra activities seen at N16 and the submarine Ra supply estimated
from previous mixing models.

The results of this study indicate a large submarine input of Ra at the h&adkoés
Bay. Considered together with previous results the evidence suggesthehdissolved
226Ra activity of the input is very high. SGD cannot be ruled out and may plasnportant
role in the high Ra activities observed in Nueces Bay. However | conthadét is unlikely
that SGD alone could explain the seasonal trends and absolute activisieved in the

open waters of Nueces Bay while oil-field brine potentially could.
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45 Conclusions

These results show that the seasonal increase in dissti¥&d activity for Nue-
ces Bay is substantially larger than for either Copano Bay or Baffin Bdys ificrease
cannot be explained readily by either evaporation or riverine supplyaddition Nueces
Bay has significantly higher CHconcentrations than either Copano or Baffin Bay. The
CH, concentrations are highest at the head of Nueces Bay in the same aresdigsolved
226Ra activities were highest in every non-flood stage Nueces Bay s(ireey4 out of 6
periods). These results suggest that the Ra supply to Nueces Baysisallglarge in a
regional context. The most relevant differences between the threethatymight account
for this are 1) the proportionally larger salt marsh at the head of NueagsZ the higher
hydraulic gradient towards Nueces Bay, and 3) the higher densitytaflepem wells and
pipelines. Though SGD cannot be ruled out, leakage of oil-field brineaagly suggested
when these results are considered along with those from previous sfGdiapters 2 and
3).

The actual leakage rate depends on the radium activity of the leakingvidnich is
highly variable and not well characterized. Based on available data,akade rate is po-
tentially from 200 to 6,290 rhday!. The results of synoptic geochemical and geophysical
surveys suggest the leakage may be greatest at two areas in the lidaecet Bay. The
wells and pipelines in these areas should be inspected and if they are liedkicig brine
samples should be collected to determine their dissol¥&Ra activity. From the activity
of the leakage it would be possible to determine whether or not other wells algihbe
leaking.

The leakage of oil-field brine needs to be understood because it haialbyam-
portant ecological consequences especially in the shallow and restiatecs of the Texas

Coastal Bend. Oilfield brine is very saline, up to S=&fdemer and Reid, 1984), and
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therefore denser than the water in most of the regional bays. Oilfield Isrialso anoxic
and can have high concentrations of total organic carbin € al., 2005). Significant
leakage of such water in restricted areas could accumulate during dodpgromoting
stratification and anoxia in bottom waters; which does in fact occur in soras af the
Texas Coastal Bend. Oilfield brine can also be high in nitrogen particuleaplied inor-
ganic N. A recent survey of permitted oil-field brine discharges fromibfigs in the Gulf
of Mexico by \eil et al. (2005) showed that mean brine dissolved inorganic N wals526
mg/l while total N (total Kjeldahl N + N@ +NQO;) total N was 8552 mg/l. Again in
restricted areas during dry periods, a persistent leakage of the kijuygsted by the results
could modify the bay inorganic/organic N ratio and potentially change the ciitmpeess

of some algal species as suggested énpche et al. (1997).
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Table 4.1: Physiography and other characteristics of Baffin, NuaoedsCopano Bays

and their watersheds.

Baffin Nueces Copano

Bay Area (kn?)”
Mean Bay Depth (m)
Bay Volume (16 m3)”

228 75 171
1.8 0.7 11
410 55 188

Mean Precipitation (cm yr')™
Mean Direct Evaporation (cm yt)”

77 95 102
154 148 135

River Inflow: 9 July 2004 to 8 June 2005
Minimum (m?)

Maximum (16 m?)

Mean (16 m?)

600 300 63600
156 176 26.0
0.03 181 0.48

Bay Volume/Maximum River Inflow (days)
Bay Volume/Mean River Inflow (days)
Bay Volume/Net Evaporation (days)

262 3 7
13400 30 391
524 262 428

Watershed Area (k)T 8599 947 5869
rangeland 63.9% 11.9% 27.2%
cropland 31.8% 67.2% 34.8%
forest 12% 75% 31.1%
urban 1.2% 4.6% 3.8%
wetland 13% 7.9% 1.9%

wetland area/bay area

49% 100% 65%

Total oil and gas well$
well density (wells/bay volume)
Active Wells

oil

Gas

Mixed
Inactive Wells

oil

Gas

Mixed

Dry Wells

59 184 381
0.14 336 2.03

2% 15% 3%
31% 9% 6%
3% 9% 9%

12% 24% 31%
14% 18% 8%

2% 8% 15%
37% 17% 27%

" (Diener, 1975)

™ For 1961 to 2002 Texas Water Development Board, 2005b).

*kk

(U.S. Geological Survey, 2005)
 (U.S Geological Survey, 2005a)

1 This is the free Nueces watershed; the total Nueces watershed is 44000 k

11 (Texas Railroad Commission, 2005)
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Table 4.2: Salinity and dissolved Ra activity for Copano Bay.

Station Collected Salinity 22°Ra 228Ra 224Ra 223Ra 228Th
(dpm n?) (dpm nT®) (dpm n?) (dpm n®) (dpm nT?)

C1 13 Jul 04 1.25 30322 367430 384167 12.3:2.6 64.8:21
c2 13 Jul 04 1.83 25620 36432 19466 9.45:1.9 46.6t7.5
C3 13 Jul 04 1.75 25920 34931 374168 10.8:2.3 55.2:18
C4 13 Jul 04 4.38 26021 633£52 364127 16.3:3.4 27.4:4.5
C5 13 Jul 04 4.30 24819 642£52 456166 14.3t3 7.44+1.3
C6 13 Jul 04 1.75 25819 408t32 496£198 6.7%1.7 3.33:0.6
c7 13 Jul 04 1.65 26#21 38A35 1332:684 - 4.°#1.6
C8 13 Jul 04 1.95 26820 412+36 664277 12.3:2.7 4.02:0.68
C9 13 Jul 04 3.06 24019 446+38 6274295 15.33.3 6.842.2

C10 13Jul0o4 2.10 29023 46841 - 18.9+4.5 5.24+0.89
Cl1 13Jul04 2.31 25619 43133 - 9.72£2.4 7.16:2.3
Cl2 13Jul0o4 3.99 25020 53546 - 18+t4.1 88.9t14

Cc2 01 Dec 04 8.80 54840 1205:89  48.5:17 2.2:0.41 55#&1.8
C3 01 Dec 04 8.60 6347 1335£101 41.3t7 3.3£0.58 5.36:0.9
C5 01 Dec 04 9.60 51438 115689  41.2+13 3.3:0.59 3.74:1.2
Cc8 01 Dec 04 8.70 59647 1265:111 6H10 6.85:1.2 15.6:2.9
C9 01 Dec04  10.50 44535 130497 587192 38.9:6.3 4.8+1.6
C10 01 Dec04 9.60 53240 120H94 66.A12 6.8H1.1 7.13t1.2
Cl1 01Dec04 11.10 4231 1141-87 510t104 34.4t55 5921
Cl2 01Dec04 10.10 38628 102876 141447 9.26t1.6 13.14.2
C1 18 May 05 6.20 53642 940t83  64.9:22 3.95:0.75 8.44:2.7
Cc2 18 May 05 6.60 50#40 101G:88 - 3.53t0.66 -
C3 18 May 05 7.60 36128 836t68 48.A48.2 6.75:1.2 1:1.9
C4 18 May 05 8.20 3730 970t85  52.5t9 6.611.1 11.3t1.9
C5 18 May 05 8.80 33¥26 100680  45.6£8.9 4.75:0.86 4.68:0.84
C6 18 May 05 6.30 49839 105H90 29.8:5.4 3.2£0.59 8.6%1.5
C7 18 May 05 7.60 466837 02286 62.2:21 3.66t0.67 8.52:£2.8
Cc8 18 May 05 7.60 33426 78963  70.5t23 4.59t0.79 6.9H-2.2
C9 18 May 05 7.70 39532 935+83  33.2£6.3 3.59£0.65 9.4%1.5
C10 18 May 05 6.80 53440 1008t80 104:36 4.88t0.85 9.4%3
Cl1 18 May05 7.50 46634 1023t77 40.2:8.6 4.34£0.74 15.22.5
Cl2 18 May 05 8.20 50440 10592 74.3:27 3.610.69 6.04£2

" First letter of sample name indicates the bay the sampleis:fCopano Bay (C), Nueces
Bay (N), or Baffin Bay (B), e.g. C1 is Copano Bay station 1.
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Table 4.3: Salinity and dissolved Ra activity for Nueces Bay.

Station Collected Salinity 22°Ra 228Ra 224Ra 223Ra 228Th
(dpm n?) (dpm nT®) (dpm n?) (dpm n®) (dpm nT?)

NR® 12Jul04 0.00 18314 206t17 312117 13t2.6 17.2£5.6
NOf 10 Jul 04 3.27 25%22 46148 438t152 24.15 26.3t4.2
N1 12 Jul 04 0.00 17813 27125 304109 13.6:2.6 15.95.1
N2 10 Jul 04 1.08 23618 316£29 491178 12.4£2.6 25.9:4.2
N3 10 Jul 04 0.40 18615 242£25 369169 9.5:2.1 9.43t3
N4 10 Jul 04 2.00 23817 344£27 386149 16.13.2 22.5:7.2
N5 10 Jul 04 5.72 30823 65352 673258 29t5.7 39.2:13
N8 10 Jul 04 1.40 24819 36431 543t241 11.222.4 22.2t7.1
N9 10 Jul 04 3.46 27622 486t43 485-191 22.%4.4 2H8.7
N10  10Jul 04 0.45 13510 14413 163t46 10.4:2 9.55+1.6
N16 12 Jul 04 0.00 18814 28924 333t128 13.32.7 20£6.4
N17 12 Jul 04 0.00 21317 35531 25H67 16.1#H3.1 20.8:3.4
NR 26 Jan 05 8.90 36427 70152 37112 3.9A0.73 1.93:0.63
NO 26 Jan 05 24.80 2721 92171 245 3.3A#0.62 4.10.72
N1 26 Jan 05 13.20 56042 126999 66.A413 4.22+0.75 1.640.31
N2 26 Jan 05 14.80 3829 914+69 51.3t8.9 5.94:0.96 3.04:0.55
N4 26 Jan 05 23.50 3a£3 847466  37.A12 2.8£0.48 2.16:0.71
N8 26 Jan 05 19.10 3849 93Gt72 24.H5 2.5£0.45 1.880.35
N16 26 Jan 05 13.30 4835 1072£80 59.A421 4.2:0.79 3.141
N17 26 Jan 05 13.40 5238 115886 82.5t28 5.98t1.1 2.6:0.85
NR 27May 05 18.20 718961 1604t155 76.1#15 5.55£0.98 6.75%1.1
NO 25May 05 27.20 33%#¥26 113488 76.9:+19 7.06t1.3 3.69:0.6
N1 27 May 05 20.20 89166 2053t155 2521873 10518 21.5t7
N2 25May 05 22.10 65449 1671127 1208231 11118 57.4:9.8
N3 27May 05 21.40 80264 1799155 20Qt70 10.3t1.9 12.5t4
N4 25May 05 26.80 39530 1318:t103 12H-21 114+1.8 3.44:0.61
N5 25May 05 26.70 38832 1325t111 2315779 15826 58.2£19
N8 25May 05 2440 54540 1564115 65119 4A75 7.641.3
N9 25May 05 26.50 48238 1628130 20170 9.0H1.6 3.93:t1.3
N10 25May05 21.50 7G252 1718:t131 10941 4.7H0.87 3.44t1.1
N16 27MayO05 19.30 112287 2612:215 35190 14.3t2.5 10.6:1.8
N17 27May05 20.60 86467 2014t166 2359539 125t21 7.26:1.4

T First letter of sample name indicates the bay the sampleis:fCopano Bay (C), Nueces
Bay (N), or Baffin Bay (B), e.g. N1 is Nueces Bay station 1.
" Station NR is the station nearest the Nueces River disclianyeieces Bay.
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Table 4.4: Salinity and dissolved Ra activity for Baffin Bay.

Station Collected Salinity 2?°Ra 228Ra 224Ra 223Ra 228Tnh
(dpm nT?) (dpm n?) (dpm nT?) (dpm %) (dpm nT?)

B3 15 Jul 04 30.80 456836 1746141 22231144 46.310 22672

B4 15 Jul 04 22.70 47835 1572:116 - 30.9:7.4 16452
BS 15 Jul 04 19.40 51b38 1491110 - 39.8:9.3 13.2t4.2
B6 15 Jul 04 15.50 58#43 1450t110 - 37.6£8.7 88.6t14
B7 15 Jul 04 16.80 54941 1586:£120 - 45.3:11 24478
B8 15 Jul 04 16.40 53639 1414£107 - 42+9.8 28692
B9 15 Jul 04 1420 46#35 1307100 - 43.6t10 11.11.8
B10  15Jul 04 14.80 48439 140QG:117 - 49. 112 148t47
B11  15Jul 04 13.50 49937 128398 - 45911  41.3t6.7
B12  15Jul 04 12.40 46934 124392 - 9.06:2.6 15.2£2.5

B3 08 Dec 04 34.90 3125 1341106 46.918 1.93t0.39 4.5:t1.5
B4 08 Dec 04 33.90 48136 1924t144 1442 1.2740.24 3.140.62
B7 08 Dec 04 30.10 59844 1918:142 59.420 6.1A1.1 4.821.6
B8 08 Dec04 30.10 6145 2048t149 688123 55.9:8.9 31.6£5.5
B9 08 Dec04 2740 649 2151157 930Gt185 72.6t13 52.18.5
B10 08Dec04 2850 66950 2144t163 46.6t9.8 2.76t0.5 4.66t0.86
B11 08Dec04 27.70 68#51 2165162 953t182 74.2£12 14.9t25
B4 08Jun05 37.60 58846 2336182 597110 40.4£6.5 16.H2.6
BS 08Jun05 36.60 65849 2471184 13447 7.011.3 16.95.5
B6 08Jun05 37.40 82860 28674209 146:t30 10.9£1.8 13.H2.2
B7 08Jun05 36.70 75355 2823:t205 1059207 62.9:11 12.8t2.1
B8 08Jun05 36.60 76261 3099247 188:36 12.A42.2 15.6:2.6
B9 08Jun05 37.50 1164100 3232£297 103t23 6.311.1 15.5:2.7
B10 08Jun05 37.00 78%H7 2880Gt210 12846 7.5A41.4 16.85.4
B11 08Jun05 36.80 7#&3®%7 2850t211 87.2t19 5.8%#1 8.58t1.4

" First letter of sample name indicates the bay the sampleis:fCopano Bay (C), Nueces
Bay (N), or Baffin Bay (B), e.g. B1 is Baffin Bay station 1.
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Table 4.5: Salinity and dissolved Ra activity for Aransas Pass.

Sample Collected Salinity 2?°Ra
(dpm n?) (dpm n®) (dpm n?) (dpm %) (dpm n1?)

228Ra

224Ra

223 Ra 228Th

© 0O NO O WN -

W W WNDNDNMNDNDNNMNNNNMNNMNREPEPRPRPRPEPRPEPRPEPRPERRERPRERPE
NP O O 0O ~NO OO P WNEOOWNODOGM™~WDNLEDO

16 Jul 04
29 Jul 04
13 Aug 04
26 Sep 04
28 Sep 04
08 Oct 04
08 Oct 04
22 Oct 04
22 Oct 04
05 Nov 04
07 Nov 04
19 Nov 04
21 Nov 04
07 Dec 04
09 Dec 04
16 Dec 04
19 Dec 04
07 Jan 05
11 Jan 05
03 Feb 05
04 Feb 05
23 Feb 05
23 Feb 05
09 Mar 05
10 Mar 05
25 Mar 05
12 Apr 05
04 May 05
24 May 05
06 Jul 05
15 Jul 05
29 Jul 05

- 13810
34.60 14411

- 12494
27.00 26316

- 29822
27.30 16413
25.30 20816
35.70 1118.6
34.70 -
32.60 16#13
27.50 25620
19.70 2421
23.70 2/21
13.10 236018
12.40 24419
26.20 1413
15.00 19816
27.30 1845
24.10 17613
28.90 2116
14.40 14911
23.50 13111
22.20 2A416
12.00 245619
12.50 25¥%20
21.70 21016

- 12#411
31.40 16414
33.20 19915

- 13111
34.30 15413
33.00 20516

252£21
339£30
258t21
452£39
96071
438+35
606t49
195k17
488+37
862£68
95375
92671
685£55
67554
42933
522+45
456£39
454435
595t£48
25621
32426
48QGt42
635£51
653£52
51142
17620
320Gt31
20719
23824
302+32
58446

1133t576

106+22
29096
303t51
248£85

17.6£4.2
23059
69426

19.6£7.9
119+22
22HT75
11538
29.6+9.6
13.3t4.8
17.6£3.9
8.99t1.6
31.4:10
20.3t4

23.A8.1
34.4:13
95. 7440
18.66.2
33. 111
28.9:9.6
47.5t8.6

15.6t4.4 33.9:11
259554 4.64:15
8.86t1.7 5.34:0.93
21436 4.82:1.6
37.8t6 5.81+0.98
18.1#3.1 3.76:1.2
3.510.65 13.1#2.2
14.3t2.5 3.58t0.65
4.25:0.83 2.23:0.74
- 16.A43
62+9.8 -
3.8:£0.69 -
11.8t1.9 -
17.9:3.1 -
0.799:0.19 3.14t1
8.09t1.3 3.53t0.61
20.4£3.4 5.88:1.9
5.76t1 1.38+:0.47
2.2£0.39 1.240.42
0.59:0.11 1.990.67
1.05:0.19 2.66:0.46
1.13:0.2 1.82t0.34
2.64£0.45 2.040.68
2.42+0.45 3.710.68
2.43:0.46 5.221.7
2.890.54 -
1.48t0.27 2.73:0.89
3.4+0.68 9.39%3
1.43t0.27 2.64:0.86
2.94-0.57 2.03:0.65
3.32£0.62 3.78:1.3
7.3H1.2 3.94:0.67
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Table 4.6: Salinity and dissolved Ra activity for regional wells.

Watershed Collected Salinity 2?Ra

w11
w12
W13
w14
W15
W16
W17
w18
W19
W20
w21
w22
w23
w24
W25
W26
wa7
w28
W29
W30
w3l
W32
W33
W34
W35

Nueces
Nueces
Nueces
Nueces
Copano
Copano
Copano
Copano
Copano
Copano
Baffin
Baffin
Baffin
Baffin
Baffin
Baffin
Baffin
Baffin
Baffin
Baffin
Baffin
Baffin
Baffin
Baffin
Othef

28 Mar 05
28 Mar 05
28 Mar 05
28 Mar 05
28 Apr 05
28 Apr 05
28 Apr 05
28 Apr 05
28 Apr 05
26 Jul 05
13 Jun 05
13 Jun 05
13 Jun 05
13 Jun 05
13 Jun 05
13 Jun 05
13 Jun 05
13 Jun 05
13 Jun 05
13 Jun 05
20 May 05
20 May 05
11 May 05
20 May 05
12 Apr 05

3.70
3.20
8.00
8.90
3.90
3.60
1.20
2.20
0.80
2.70
1.20
1.30
1.30
1.60
4.20
1.60
1.80
1.50
1.50
1.60
0.90
1.00
0.80

31P3
78431
33425
5130
68219
11583
4231
8859
158308

5339
18115
13210
15312
16813
8&%H4
18814
3849
343226
2297
13311
16414
16813
23417

0.80 4542326

228R4 224R4 223Rg
(dpmn7?) (dpmnr?) (dpmnT?®) (dpm nt?)
1073t81 405£132  21.6:3.6
2924+213 592£103 52.6£8.3
1713:126 1281425 51.9:8.4
2188:168 308t57 24’14
112484  36.2:12 3.16:0.58
1293t94 175+42 5911
173t17  6.25:1.3 1.04:0.19
58A47  52.6:19 5.38£0.93
73.310 3.15:4.2  4.52:0.78
988t74 45+15 1.6A40.29
25427  11.9+2.8 0.559:0.11
208t19 14.2+2.7 1.05:0.21
233t23  18.3t6.1 0.785:-0.17
282£22 22+7.8 0.3980.11
90468 12455 4.49£0.94
152+14  6.66:2.4 0.208:0.052
22323 180t72 8.16t1.5
20622 67.3:33  0.7210.19
23Gt20 45421 0.452:0.15
164-17 13.3t4 0.33t0.084
31032 16035 7.44+:1.3
292t23  32.A46.7 2.040.38
225t21  27.1#5.6 0.9340.18
29126 40221483 19333
119t10 14.3t3.9 0.3120.063

0.30

9%6.9

* On the north shore of Corpus Christi Bay and south of the Cojay watershed.
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Table 4.7: Methane concentrations in bay sam-
ples.

Sample Station Type Collected GH
(nM)
1 C1 bay 18 May 2005 8.21
2 c2 bay 18 May 2005  5.97
3 C3 bay 18 May 2005 4.34
4 C4 bay 18 May 2005 5.40
5 C5 bay 18 May 2005 7.91
6 C6 bay 18 May 2005  8.46
7 C7 bay 18 May 2005 8.51
8 Cc8 bay 18 May 2005  5.83
9 C9 bay 18 May 2005 6.36
10 C10 bay 18 May 2005  3.66
11 Cll bay 18 May 2005  4.80
12 Cl12  bay 18 May 2005  7.48
13 B4 bay 8June 2005 5.91
14 B5 bay 8 June 2005 3.72
15 B6 bay 8 June 2005 3.51
16 B7 bay 8 June 2005 hd
17 B8 bay 8 June 2005 3.22
18 B9 bay 8 June 2005 hd
19 B10  bay 8 June 2005 3.45
20 B11  bay 8 June 2005 hd
21 NR bay 27 May 2005 33.12
22 NCH salt marsh 27 May 2005 113.96
23 NSM salt marsh 27 May 2005 73.91
24 NO bay 25 May 2005 nd
25 N1 bay 27 May 2005 17.70
26 N2 bay 25 May 2005 rd
27 N3 bay 27 May 2005 11.61
28 N4 bay 25 May 2005 32.54
29 N5 bay 25 May 2005 5.30
30 N8 bay 25 May 2005 1.01
31 N9 bay 25 May 2005 17.55
32 N10  bay 25 May 2005 nd
33 N16  bay 27 May 2005 67.69
34 N17  bay 27 May 2005 16.86

* nondetectable
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Table 4.8: Methane concentrations in well
samples.

Sample Station Type Collected GH
(nM)
35 W21 well 13 June 2005 175.38
36 W22  well 13 June 2005 103.44
37 W23 well 13 June 2005 85.54
38 W24  well 13 June 2005 86.27
39 W25 well 13 June 2005 121.40
40 W26  well 13 June 2005 302.39
41 W27  well 13 June 2005 242.28
42 W28 well 13 June 2005 105.53
43 W29  well 13 June 2005 232.33
44 W30 well 13 June 2005 137.35

* nondetectable
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Table 4.9: Salinity and dissolved Ra activity of regional surface wateatssarficial porewa-

ters.
Sample Collected Salinity ?2°Ra 22%Ra 224Ra 233Ra
(dpm nT?®) (dpm i ?) (dpmn1?) (dpm nt )
S1 Mission River 30 Nov 04 0.20 2721  246+22 17055 9.28t1.5
S2 Mission River 25 Jul 05 4.40 10409 1174:104 23.#4.4 2.15:0.36
S3 Aransas River 07 Dec 04 0.90 2669  483t36 74.2t26  1.59+0.3
S4 Hazel Bazemore pond 28 Mar 05 6.00 434 839t66  70.A17  3.84£0.67
S5 Nueces marshbayou 27 May05 19.20 1079 2373t177 124+43 7+t1.2
S6 Nueces marsh channel 27 May 05 25.90 #B3 2240:203 132t25 10.3t1.8
S7 Los Olmos Creek 11 May 05 69.00 134 3383t246 20975 12.3t2.2
S8 Fish Pass 28Feb 05  43.90 1654144 8507729 - 73.4:12
S9 Nueces Bay 18 Mar 05 1.80 67899  292t88  279t100 12.4:2.8
S10 Bird Island 15 Jul 04 29.10 4333 1877142 31511657 82.418
S11 Laguna Madre 15 Jul 04 29.50 4282 1904+144 - 7.34:2.3
S12 Bird Island 08 Dec04 32.00 3587 1452:109 1235441 42.3:7.2
S13 Laguna Madre 08Dec04 33.70 3BWO 1704t129 1337449 70.712

" Sediment porewater samples.
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Figure 4.1: The regional groundwater equipotential surface relativestan sea level con-
toured every 10 m. This shows the dramatic decrease in watertable elevatim 8affin
Bay relative to Nueces Bay and Copano Bay. Water level measurememnts380 wells
measured between 1995-2005 were used to create this map; the dotsvaedl theations.
Where multiple observations of the same well were available the mean watevkeveked.
The data for this map was collected by the Texas Water Development Blmxes (\ater
Development Board, 2005a).

98



28°20N

®Copano freek o
L w

CNEREES Fiver #Mission River

Lake Corpus Ch

28°00'N - -
#San Fernando Creek
27°40N - -
* Aransas Pass
® surface water samples
® ground water samples
® river guages
27°20'N - r

#Los Olmos Creek

p— ——)
0 10 20

98°00'W 97°40W 97°20W 97°00'W

Figure 4.2: The Coastal Bend region of Texas showing the locationsgdricoBay, Nueces
Bay, Baffin Bay, their watersheds, and the Aransas Pass connectiom @ulf of Mexico
labeled with a solid star. Samples collected for this study are indicated by soltesy
for well samples and solid triangles for surface water samples. The sansigauges are
indicated by solid diamonds.
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a) Copano Bay
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Figure 4.3: Sample station locations and areas with the highest number dépeiraells
and pipelines for a) Copano Bay, b) Nueces Bay and c) Baffin Bag.gfaly shaded areas
contain the majority of wells (>75%) in each bay though there are petroleuin amed
pipelines outside these areas.
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Figure 4.4: Time series data for a) gauged daily river discharge to @dpay (blue), Nue-
ces Bay (black), and Baffin Bay (green); b) Nueces Bay salinity fizarcontinuous salinity
recorder at TCOON Salt03 near the center of Nueces Bay, the trianglesvhiskers rep-
resent the mean and range of the salinities measured during the Nuec&aBayveys;
and c) the dissolved Ra activity at the tidal inlet at Aransas Pass; ané tijrting of the

bay Ra surveys for Copano Bay (upward triangle), Nueces Bay (didg)pand Baffin Bay
(downward triangle).
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Figure 4.5: Combined results for the 2004-2005 samples: a) salinity, Whbss’*°Ra
activity, and c) dissolved*®*Ra activity of Copano Bay (CB), Nueces Bay (NB), Baffin
Bay (BB), the Aransas Pass (AP) tidal inlet, regional groundwater Y& associated
rivers and surface waters (SW) summarized in box plots where box wigttogortional
to the square root of sample size, box height encompasses the 25thtargid@btiles, the
horizontal line is the median, the x symbol is the mean, and the whiskers extehe to
extreme values.
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Figure 4.6: Regional groundwater#f Ra activity versus salinity, B¥° Ra activity versus
228 Ra activity, and cf** Ra activity versug?® Ra activity. Samples are color coded by
the watershed they are in: Copano wells are blue, Nueces wells are Biadén wells are
purple, the red samples are wells located around Corpus Christi Bay thedparrier is-
lands. The observations can be grouped into several groundwags: tgpow salinity high
Ra activity groundwater, a high salinity moderate activity groundwater,aalog salinity
low Ra activity groundwater. Surprisingly the two highé%t Ra activities were from low
salinity samples (the highest near Baffin Bay and the other in the Copancshedenear
Refugio, Texas). The data includes 25 groundwater samples colleaied this study and
10 groundwater samples collected previously (Chapter 2).
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Figure 4.7: Seasonal comparisons between Copano Bay, Nueceari8bBaffin Bay a)
salinity, b) dissolved?°Ra activity, c) dissolved*®*Ra, d)??3Ra activity, e’>**Ra activity,

and f)??*RaF?®Ra activity ratio summarized in box plots. Survey periods are labeled 1, 2,
and 3 for their seasonal order.
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Figure 4.8: Dissolved?°Ra activity versus salinity for all three survey periods for a) all
three bays, b) Copano Bay, c) Nueces Bay, and d) Baffin Bay. far)band d) the first
survey samples are blue, second survey samples are green, anduthiey samples are
purple. Station B9 in Baffin Bay and N16 in Nueces Bay undergo the langegases in

dissolved??SRa activity and salinity.
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a) April 2002 (S=35)

b) July 2002 (S=0.4)

Figure 4.9: The spatial distribution of dissolvétfRa activity for all seven Nueces Bay
surveys in this and the previous study (Chapter 2): a) April 2002, ly) 2002, c) May
2003, d) July 2004, e) January 2005, and f) May 2005. The mearitgalioring the
surveys are shown in the subtitles. Dissol¢étRa activities were highest at the head of
Nueces Bay in all but two of the six surveys and those two surveys weredrataly after
Nueces Bay was flushed by high river discharge. Results are norehédizeach period by
subtracting the mean from each sample result and dividing by the starelaation; circle
sizes are not comparable between periods.
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a) Salinity
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Figure 4.10: The spatial distribution of a) salinity, b)dissolvé&tRa activity, c) dissolved
228Ra activity, and d) CHl concentration for Copano Bay, Nueces Bay, and Baffin Bay
during the final set of surveys (May-June 2005). Results are noradafar each bay by
subtracting the mean from each sample result and dividing by the starelaadion. Circle
sizes are not comparable between bays but the quantity means are siheaoH bay.
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Chapter 5

Conclusions: Identifying Submarine
Fluid Discharges and their Impacts

on Estuaries

The focus of this dissertation has been on developing methods and techfoque
answering the question, "What is the submarine groundwater dischagp)(to Texas
Coastal Bend Estuaries?" One of the things that made this particularly Hitficanswer
was the tide. This is initially surprising because the tide is so small along the Teaat
(15 cm range). The problem is the bays are shallow. Nueces Bay mp#nige:1 m so
the tidal prism is actually 15% of the bay volume making the tides the biggest watesfl
in the bay. Although the relative tidal volume uncertainties are reasonablabgedute
uncertainties are large, making mixing models (the main approach of ChapntiZularly
uncertain. The other thing that made quantifying submarine groundwatdedge difficult
was the potential confounding influence of oil-field brine leakage diseovduring the

course of this study. Qil field brine shares some of the same chemical traiisrgscoastal
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groundwater types, including enrichments in Ra and, Gidt to an even greater degree.

In the end this dissertation is more notable for the approach and technigeés u
to evaluate submarine discharges rather than for producing precise testiofiaischarge.
First, the progressive series of smaller scale surveys has beetiveffieddentifying areas
of regionally high dissolved Ra activity and potential submarine dischar§esond, the
novel combination of synoptic geophysical and geochemical surveysded the type of
complimentary surface water and sediment data that is needed to identi$yodigraund-
water and surface water interaction. Last, the regional geochemicalontgarison of bays

indicated differences in Ra cycling between the bays.

5.1 Research Summary

The research was conducted along two complimentary lines: 1) a detailgda$tud
submarine fluid discharge to Nueces Bay and 2) a regional compariss@bfto Copano,
Nueces, and Baffin Bays. In the first case, areas of submarineadigctvithin Nueces Bay
were identified using a series of progressively more refined studiesngtat the regional
level, down to the bay scale, and finally to specific subregions of the bayewdischarge
indications were strongest. In the second case, Copano, NueceBa#imdBays were
compared with one another in terms of changes in dissolved Ra activity avanraual
wet-dry cycle.

Chapter 2 concerns the initial 2002—-2003 field season that focusedecel Bay.
The results provided evidence of a substantial submarine input of diss8RRa to Nue-
ces Bay. The dissolved Ra activities of Nueces Bay are among the higbsstved in
coastal estuaries; as great as 2600 dphfm ?2°Ra and 660 dpm/m for 226Ra. Using
a combination of salt and Ra mass balances | demonstrated that riverrdescmal bay

bottom sediments cannot supply the Ra needed to balance tidal exportchasthef?°Ra
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there is an additional source of 2£805%10° dpm/day that is 9 times the maximum es-
timated supply from bay bottom sediments and 50 times the Ra supplied by thesNuece
River. Only a portion of this large flux can be supplied by SGD, given thea&ivity of
local groundwater.

Chapter 3 concerns a synoptic geophysical and geochemical swmduated to
further investigate the occurrence and spatial distribution of submarinkatipes of water
to the head of Nueces Bay. Previous dissolved Ra measurements inkhe h2ad of bay
(Chapter 2) had suggested a significant submarine groundwateridjsciidie 17 kilometer
survey incorporated continuous resistivity profiling, measurementsfacawater salinity,
temperature, and dissolved oxygen, and point measurements of disRa\sdtopes. The
resistivity survey indicated vertical fingers of high conductivity extegdip through 7
meters of bay bottom sediments into the surface water within 100 m of sud#no#ysand
dissolved Ra maxima@{®Ra >600 dpm/mi). At these locations there were also peaks in
water temperature and lows in dissolved oxygen. These results indicate ®itiraearine
brackish groundwater discharge or the leakage of oil-field brine fradom®&rged petroleum
pipelines.

Chapter 4 concerns the final 2004—2005 field season that compaiRa dativities
of Copano, Nueces, and Baffin Bays at three periods during therssasansition from
relatively fresh water to seawater. Measurements of dissolvedatélalso used as inde-
pendent indicators of oil-field brine leakage and SGD. These resulis thlad the seasonal
increase in dissolvedf°Ra activity for Nueces Bay is substantially larger than for either
Copano Bay or Baffin Bay. This increase cannot be readily explaipe&ither evaporation
or riverine supply. In addition, Nueces Bay has significantly higher, €bhcentrations
than either Copano or Baffin Bay. The ¢oncentrations are highest at the head of Nue-

ces Bay in the same area where dissoR&&Ra activities were highest in every non-flood
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stage Nueces Bay survey (4 out of 6 periods). These results cleagest that the Ra
supply to Nueces Bay is unusually large. The most relevant differdret@geen the three
bays that might account for this are 1) the proportionally larger salt merge head of

Nueces Bay and 2) the higher density of petroleum wells and pipelines.

5.2 Conclusions

Considered together the results indicate a large submarine Ra flux at tthehea
Nueces Bay. The Ra activity of the flux is probably very high. While SGiinoabe ruled
out and may play an important role in the high Ra activities observed in Nigsed is
unlikely that SGD alone could explain the seasonal trends and absolwi¢éestbserved
in the open waters of Nueces Bay. The leakage of oil-field brine potentiallid @xplain
those activities.

The actual leakage rate (volume per unit time) depends on the radium aofithity
leaking brine which is highly variable and not well characterized. Basealvailable data,
the leakage rate is potentially from 200 to 6,290 day'. Because the results of Chapter
3 suggest the greatest leakage is in the head of Nueces Bay, the welpalites in this
area should be inspected and if they are in fact leaking brine samplels $ieoollected
to determine their dissolvett®Ra activity. From the activity of the leakage it would be
possible to determine whether or not other wells might also be leaking.

The leakage of oil-field brine needs to be understood because it hastialbye
important ecological consequences especially in the shallow and restreteds of the
Texas Coastal Bend. Qilfield brine is very saline, up to S¥3a¢mer and Reid, 1984), and
therefore denser than the water in most of the regional bays. Oilfield israigo anoxic and
can have high concentrations of total organic carbon which can depsstehced oxygen

concentrations when mixed with surface waters. A recent survey ofitied oil-field brine
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discharges from 50 oil rigs in the Gulf of Mexico bl et al. (2005) showed that mean
brine total organic carbon was 564 mg/l and mean biological oxygen dewas1857 mg/I.
Significant leakage of such water in restricted areas could accumulateydiry periods
promoting stratification and anoxia in bottom waters, a recurring problemnesoeas of
the Texas Coastal Bend.

Finally, turning to the question, "What is the nitrogen contribution of submarine
groundwater discharge to Texas Coastal Bend estuaries?" This questinot be directly
answered at this time for two principal reasons: 1) the uncertainties onates flux esti-
mates are large and 2) it is unknown how much of the flux is oil-field brine aadrhuch
is groundwater. However either of these inputs would represent signifitutrient load-
ings to the bay. This would be especially true during dry periods whem iiygits are
low, particularly in the case of oil-field brine leakage which would not cleasgasonally.
For groundwater the regional mean nitrate concentration is 1.7 mMg\Las NG, (Texas
Water Development Board, 2005a)t Assuming that 1) this is representative of brackish
groundwater discharge, 2) nitrate is the dominate dissolved inorganic eitrsgecies in
brackish groundwater discharge, and 3) the submarine Ra input islydtieeto an advect-
ing groundwater discharge of 31,10C¢ miay !, and 3) then the associated nitrogen input
would be 19 million g N yrt. For Gulf of Mexico oil-field brines measured bgil et al.
(2005), ammonium is the dominate form of dissolved inorganic nitrogen andé¢bae con-
centration is 57.5 mg £' N as NHf. Assuming this is 1) representative of oil-field brine
leakage to Nueces Bay and 2) the submarine Ra input is entirely due to aglaibfine
input of 6,290 M day ! then the associated nitrogen input would be 132 million g N'yr

These inputs are less than estimates of nitrogen loading to Nueces Bay &stewater

'Based on 778 NOQ measurements made during the period of record from 1931 to ZB&Es(\W\ater
Development Board, 2005a). The samples were collected from 308 wells in the following caintiEansas,
Atascosa, Bee, Brooks, Calhoun, De Witt, Duval, Goliad, Jim Wells, Keyrideberg, Live Oak, McMullen,
Nueces, Refugio, San Patricio, and Victoria.
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(400-1500 million g N yr 1)(Brock, 2001) but they are not trivial.

Additional work is necessary to fully understand the chemical implicationsesih
potential submarine water fluxes. Persistent leakage of the sizes sadypgshe results
has the potential for altering the DIN/DON ratio of bay water particularly itrieted areas
during periods of low river discharge. Influencing DIN/DON ratios imsatype of forcing
mechanism thataroche et al. (1997) concluded was the causal link between groundwater

discharge and the initiation of harmful algal blooms in Peconic Bay, Longdsla

5.3 Future Studies

The results of this dissertation raise several questions that would bestitigréo
address in future studies. One line of investigation should address wtikére is sig-
nificant leakage from the oil-field network in Nueces Bay both in terms ofbtlises Ra
supply and in terms of ecologically relevant fluxes such as nitrogen andtgtnic car-
bon. This question could not be directly addressed in this dissertationd®eacess to the
location of the oil wells was not available until after all the data was collectes tRat the
well and pipeline locations are readily availablexas Railroad Commission, 2005), and
with the results from this dissertation, it would be straightforward to develapgeted and
representative sampling plan to directly assess oil-field leakage in Nueges Believe
a combination of targeted geochemical sampling and aerial thermal IR phptogis the
most efficient approach to such a study.

Dissolved Ra has the potential to be an excellent tracer of oil-field brinadeak
because of the large dynamic range between oil-field brine Ra activitiethasd of bay
water; however, a more thorough sampling of local endmember brines teedrried out
to make full use of Ra as a tracer of brine leakage. Particularly valuahlé&hvibe samples

of brine collected before separation tanks, i.e., before Bal${3 a chance to precipitate
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and remove a portion of the dissolved Ra. Additional oil-field brine indicasoih as
Br/Cl ratio, the presence of hydrocarbons, methane, and carbompé&otal methane may
also be useful in confirming whether leakage is occurring. Howevepakential smaller
dynamic range (relative to dissolved Ra) of these indicators may requirsdhgles be
collected close to a leak. Since oil-field brine is geothermally heated perhapasnest
way to locate oil-field brine leakage in a shallow estuary such as Nuecesv8alg be
with thermal infrared photography. The potential submarine dischaegertes identified in
the synoptic geochemical and geophysical survey results (Figuregéaato be over 0%
Celsius above background bay temperatures. Such a temperaturerdiéfés detectable by
thermal IR cameras such as the FLIR Thermovision A40M which can metsuperature
differences less than @.LCelsius.

Another line of investigation could explore salt marsh hydrology and Réngy.c
The results of this dissertation indicate that the Nueces salt marsh may beifecagn
source of Ra to Nueces Bay. This would be consistent with conclusions studies of
other salt marshes such as North Inlet, South CaroRaan& and Moore, 1996), and Great
Sippewissett Marsh, Massachuse@bdrette et al., 2003). However more work is required
to determine what processes are actually contributing the dissolved ReifiGply work
needs to be done to determine whether significant groundwater advectarsaowvithin
the marsh and its bayous. This could be done with surveys similar to thosaateddn
Chapter 2 of this dissertation. In addition, installation of shallow wells in the m@rsh
obtain groundwater samples would also be worthwhile. The flux of Ra framtarsh
sediments should also be examined in detail including 1) measurements of sedhnen
concentrations, 2) experiments to determine the desorbable sediment Rauinaction,
and 3) flux chamber experiments to evaluate the total Ra supply from diffuséaliment

compaction, and bioirrigation.
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Finally, there is reason to believe that Texas Coastal Bend bay dissatvegiem
speciation may be driven in part by the submarine discharges sugggdted tissertation.
Such a relationship would be modulated by the strong seasonal and intafrflontuations
in the regional precipitation cycle. Therefore, evaluating the ecologitatts of such
submarine discharges would greatly benefit from long term time seriesasuitie 11 year
record of algal cell counts, bay nitrogen concentrations, and teakstatertable levels
which Laroche et al. (1997) used to evaluate brown tide bloom initiation in Peconic Bay,

Long Island, New York.

115



Appendix A

Well Sampling and Locations
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Table A.1: Well locations and data.

ID Latitude Longitude Well Owner Well Power

W1 27.836000 -97.033333 Jake and Helen Garret Downhole Pump
W2 27.836000 -97.033333 UTMSI Downhole Pump
W3 27.653970 -97.319950 Moorehead Downhole Pump
W4 27.875270 -97.422000 Koonce Windmill

W5 27.954730 -97.771720 San Patricio Catholic Church Downhole Pump
W6 28.073420 -97.528940 Sinton Municipal Golf Course Downhole Pump
W7 28.104630 -97.403500 Welder Wildlife Refuge windmill

W8 28.123230 -97.396510 Welder Wildlife Refuge windmill

W9 28.100660 -97.336750 Welder Wildlife Refuge Windmill
W10 28.115830 -97.373890 Welder Wildlife Refuge Downhole Pump
W11 27.870090 -97.644150 Nueces River Authority none
W12 27.870090 -97.644150 Nueces River Authority none
W13 27.870090 -97.644150 Nueces River Authority none
W14 27.870090 -97.644150 Nueces River Authority none
W15 28.233800 -97.252830 Fennessey Ranch Downhole Pump
W16 28.233800 -97.252830 Fennessey Ranch Artesian Flowing
W17 28.208970 -97.261760 Fennessey Ranch Artesian Flowing
W18 28.233800 -97.252830 Fennessey Ranch Artesian Flowing
W19 28.208970 -97.261760 Fennessey Ranch Artesian Flowing
W20 28.079660 -97.080790 Ploch Downhole Pump
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Table A.1: Continued.

ID Latitude Longitude Well Owner Well Power
W21 27.225340 -97.612350 Kenedy Ranch  Downhole Pump
W22 27.201910 -97.577030 Kenedy Ranch  Downhole Pump
W23 27.217670 -97.555210 Kenedy Ranch  Downhole Pump
W24 27.198650 -97.508940 Kenedy Ranch  Downhole Pump
W25 27.196080 -97.459820 Kenedy Ranch  Downhole Pump
W26 27.189720 -97.446430 Kenedy Ranch  Artesian Flowing
W27 27.198400 -97.454817 Kenedy Ranch  Artesian Flowing
W28 27.235183 -97.497883 Kenedy Ranch  Windmill
W29 27.236000 -97.468867 Kenedy Ranch  Artesian Flowing
W30 27.243367 -97.445700 Kenedy Ranch  Artesian Flowing
W31 27.330040 -97.689080 Hill Downhole Pump
W32 27.334400 -97.695760 A.R. Brown Downhole Pump
W33 27.316640 -97.680600 Riveria City Park Downhole Pump
W34 27.293900 -97.779520 Rudealot Windmill
W35 27.825965 -97.217681 Thauburn Downhole Pump
W36f28.22059 -97.27502 Fennessey Ranch Windmill
W3728.22613 -97.2616 Fennessey Ranch Artesian Flowing
W38 28.24212 -97.26394 Fennessey Ranch Artesian Flowing
W3928.2331 -97.28163 Fennessey Ranch Windmill
WA40( 28.24327 -97.25245 Fennessey Ranch Windmill

t Well was not sampled for Ra isotopes.
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The University of Texas at Austin

Marine Science Institute
750 Channel View Drive
Port Aransas, TX 78373

EMAIL: jbreier@utmsi.utexas.edu PHONE: (361) 749-6823

Limited - Free Nitrate and Radium Well Sampling

November 30, 2004

To All Texas Coastal Bend Well Owners,

We are conducting a study of groundwater discharge to Texas Coastal Bend Bays including
Nueces, Baffin, and Copano. As part of this study we need to sample regional well water for
nitrate and radium concentrations. Low levels of nitrate are normal while high levels can
be an indication of human impacted water generally from fertilizers and human and animal
waste. Radium is a naturally occurring element which occurs in very low concentrations
and can only be measured with very sensitive lab equipment.

Well sampling is simple and usually takes less than a half hour. Samples can be collected
from pump and windmill discharges. Wells not continuously flowing must be pumped for
several minutes prior to sampling. If a holding tank is connected to the well, samples must
be collected between the pump and holding tank which typically means the holding tank
must be temporarily disconnected.

Well owners will receive the results of the nitrate and radium measurements. Sampling
in this phase of the study will be limited to less than thirty wells and wells will not be
accepted if nearby wells of similar depth have already been sampled - so apply soon! To
apply call (361) 749-6773 and leave your name, number, and the general location of your
well (such as 5 miles southeast of Sinton).

Sincerely,

John (Chip) Breier

Figure A.1: This letter was posted and handed out throughout the stedyirmorder to
identify well owners willing to have their wells sampled.
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Appendix B

Bay and Surface Water Station

Locations
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Table B.1: Station locations for 2002-2003
Nueces Bay Ra study.

Station Latitude  Longitude

1 27.846950 -97.374333
2 27.855617 -97.378067
3 27.867550 -97.379950
4 27.869583 -97.357783
5 27.870717 -97.410183
6 27.854500 -97.404683
7 27.840433 -97.399400
8 27.848350 -97.425350
9 27.868017 -97.428433
10 27.831483 -97.421033
11 27.851600 -97.450833
12 27.869200 -97.455667
13 27.852050 -97.470783
14 27.859900 -97.476767
15 27.855433 -97.485850
16 27.859967 -97.512933
17 27.870400 -97.497117
18 27.851417 -97.502533
19 27.830517 -97.452433
20 27.866483 -97.517517
21 27.836317 -97.476000
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Table B.2: Surface water sample station locations.

Sample Water Latitude Longitude
s1f Mission River 28.183006 -97.192170
S2f Mission River 28.183006 -97.192170
s3 Aransas River 28.109871 -97.316770
s4 Hazel Bazemore pond 27.870090 -97.644150
S5 Nueces marsh bayou 27.860810 -97.525460
S6 Nueces marsh pond  27.860600 -97.525490
s7t Los Olmos Creek 27.274620 -97.802960
sg Fish Pass Porewater  27.680030 -97.172330
s9 Nueces Bay Porewater 27.847433 -97.492183
S10 Bird Island (B1) 27.476967 -97.321450
Shki] Laguna Madre (B2)  27.414133 -97.353983
S12 Bird Island (B1) 27.476967 -97.321450
S13 Laguna Madre (B2) 27.414133 -97.353983
NR1# Nueces River 27.847440 -97.492180
NR2! Nueces River 28.038570 -97.860730
NR3f Nueces River 27.891910 -97.630810
NR4* Nueces Bay 27.847440 -97.492180
NR5 Nueces Bay 27.853660 -97.490970
NR6! Nueces Bay 27.850970 -97.492500
NR7 Nueces Bay 27.839200 -97.436110
NR§ Nueces Bay 27.839120 -97.435430
NRO Nueces Bay 27.851960 -97.489100
NR10 Nueces Bay 27.838280 -97.418530
NR11 Nueces Bay 27.850130 -97.485340
NR12 Nueces Bay 27.842390 -97.388350

T The surface water samples reported in Table 4.8.
! The Nueces River and Nueces Bay samples reported in Table 2.2.
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Table B.3: Sample station locations for upper

Nueces Bay synoptic geophysical and geo-

chemical study.

Station Latitude  Longitude

1 27.852500 -97.500556
2 27.855556 -97.508889
3 27.857222 -97.514444
4 27.859722 -97.516111
5 27.863611 -97.516389
6 27.869444 -97.514167
7 27.878333 -97.501944
8 27.879167 -97.495833
9 27.876944 -97.493333
10 27.874167 -97.490278
11 27.870833 -97.488056
12 27.865833 -97.490556
13 27.865833 -97.498889
14 27.867222 -97.501667
15 27.868611 -97.504722
16 27.869722 -97.507778
17 27.870278 -97.508889
18 27.861111 -97.506389
19 27.859444 -97.504167
20 27.855278 -97.497500
21 27.851944 -97.495278
22 27.850278 -97.493889
23 27.849444 -97.492500
24 27.847222 -97.490556
25 27.847222 -97.491667
26 27.848056 -97.488889
27 27.848611 -97.486667
28 27.849722 -97.485556
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Table B.4: Station locations for 2004-2005 regional Ra

study.

Station Bay Latitude  Longitude
B3 Baffin 27.278717 -97.410050
B4 Baffin 27.276450 -97.455767
B5 Baffin 27.259667 -97.527800
B6 Baffin 27.339317 -97.521467
B7 Baffin 27.293617 -97.579500
B8 Baffin 27.262883 -97.592000
B9 Baffin 27.273083 -97.693333
B10 Baffin 27.284917 -97.639883
B11 Baffin 27.324100 -97.661183
B12 Baffin 27.357133 -97.688800
Ci Copano 28.080083 -97.211467
C2 Copano 28.097633 -97.185750
C3 Copano 28.123917 -97.137250
C4 Copano 28.150217 -97.086383
C5 Copano 28.167200 -97.044300
C6 Copano 28.085950 -97.169383
C7 Copano 28.101717 -97.138417
C8 Copano 28.120417 -97.100417
Co Copano 28.135617 -97.057750
C10 Copano 28.065467 -97.145417
Cl1 Copano 28.102300 -97.071200
C12 Copano 28.129300 -97.023450
NR Nueces 27.847433 -97.492183
NO Nueces 27.846950 -97.374333
N1 Nueces 27.869500 -97.510233
N2 Nueces 27.846433 -97.464883
N3 Nueces 27.836450 -97.459517
N4 Nueces 27.848300 -97.400517
N5 Nueces 27.866783 -97.363733
N8 Nueces 27.848350 -97.425350
N9 Nueces 27.868017 -97.428433
N10 Nueces 27.831483 -97.421033
N16 Nueces 27.859967 -97.512933
N17 Nueces 27.870400 -97.497000
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Appendix C

Nutrient Concentrations

Measurements of dissolved nutrients were made on the majority of groundwate
and bay water samples (Table C.6). Nutrient samples were collected in 25Igdtipdene
bottles, filtered to 0.4xm using silica-free filters, and frozen until analysis. Dissolved nu-
trient concentrations (nitrate+nitriteM(O5” + N O, ), ammonium (VH]"), orthophosphate
(POEI‘), and amorphous silica (Si)) were measured following traditional methods using
a Lachat Quikchem 8000 autoanalyzer. Samples were run in duplicatestg@andards

prepared in low-nutrient Gulf of Mexico seawat&afnane and Asito, 1992).
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Table C.1: Nutrient Concentrations for Nueces Bay,
April 2002

Station PO3~  SiOy NO3 +NOy |
(M) (M) (1M)
1 0.59 76.91 0.54
2 0.26 185.58 0.90
3 0.12 104.01 0.68
4 0.52 129.95 1.48
5 0.23 177.39 0.59
6 0.12 167.16 0.84
7 0.01 221.56 0.64
8 0.42 280.80 1.17
9 0.18 190.91 0.43
10 0.29 300.70 0.68
11 1.29 301.79 6.56
12 0.07 275.39 0.70
13 1.18 272.52 5.06
14 1.22 326.05 7.00
15 1.30 268.56 5.78
16 0.95 280.03 0.26
17 1.46 297.84 6.19
18 1.24 260.60 0.23
19 0.51 280.25 0.25

 Nutrient analysis for ammnonium not reported
due to measurement difficulties.
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Table C.2: Nutrient Concentrations for Nueces Bay,
July 2002

Station PO}~ SiOs NO3 +NO, T
(M) (M) (M)
1 3.70 313.02 3.88
2 2.92 377.95 2.54
3 3.49 363.14 0.73
4 2.31 678.12 1.03
5 2.71 457.77 0.48
6 2.28 395.68 1.14
7 3.33 418.33 0.75
8 2.49 324.10 1.53
9 2.40 394.59 1.13
10 2.57 289.56 1.82
11 2.72 377.21 4.74
12 2.65 510.67 0.49
13 2.11 639.65 6.64
14 1.79 344.94 16.30
15 2.22 474.59 6.57
17 2.26 638.72 4.63
18 2.57 338.71 6.37
19 2.64 536.99 5.28
20 3.50 445.99 7.26
21 3.24 253.66 2.23

 Nutrient analysis for ammonium not reported
due to measurement difficulties.
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Table C.3: Nutrient Concentrations for Nue-
ces Bay, 19 May 2003

Station PO}~ SiOy NHjf
(pM)  (pM) (uM)

1 0.15 56.16 3.37
4 0.37 169.46 0.27
8 0.41 75.85 0.38
9 0.74 181.43 0.08
10 0.49 102.52 0.12
13 0.62 131.39 0.84
16 0.53 70.94 1.77
17 0.44 78.37 0.15
18 0.46 70.25 0.06
21 0.24 58.41 0.13

T Nutrient analysis foNO3 + NO, not
reported due to measurement difficul-
ties.
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Table C.4: Nutrient Concentrations for Nue-
ces Bay, 27 May 2003

Station PO}~ SiOy NHjf

(pM)  (pM) (uM)
1 0.11 43.72 0.15
4 0.54 157.43 0.20
8
9

0.18 64.61 0.54
0.65 79.74 0.81

10 0.48 118.64 0.10
13 0.77 118.12 68.60
16 0.26 76.47 22.97
17 0.55 78.84 1.00
18 0.53 106.08 5.47
21 0.58 84.60 0.52

T Nutrient analysis foNO3 + NO, not
reported due to measurement difficul-
ties.
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Table C.5: Bay nutrient concentrations for 2004-2005
regional Ra study.

ID Collected NH; PO;  SiO NO; +NO,

(M) (pM)  (pM) (1M)
Bl 8Dec04 0.16 0.08 180.85 0.00
B2 8Dec04 0.27 0.07 183.63 0.00
B3 8Dec04 0.09 0.26 181.51 0.00
B4 8Dec04 932 0.11 129.45 0.18
B7 8Dec04 021 0.17 212.29 0.23
B8 8Dec04 0.26 0.49 220.72 0.00
B9 8Dec04 0.44 0.13 229.27 0.00
B10 8Dec04 0.22 0.38 190.59 0.00
B1l 8Dec04 0.23 0.10 207.70 0.06
C2 1Dec04 0.14 153 274.61 1.24
C3 1Dec04 0.20 1.85 259.81 0.50
C5 1Dec04 20.08 1.73 233.48 0.25
C8 1Dec04 10.25 0.57 246.87 0.10
C9 1Dec04 23.42 1.24 219.17 1.07
C10 1Dec04 6.00 1.99 246.89 0.97
Cll 1Dec04 4.70 1.44 21555 2.38
C12 1Dec04 0.33 0.74 232.14 0.54
NR 26Jan05 0.29 1.61 150.48 3.65
NO 26Jan05 0.01 0.31 75.88 0.06
N1 26Jan05 0.22 2.46 66.06 0.20
N2 26Jan05 0.06 1.70 119.27 0.26
N4 26Jan05 0.01 0.13 95.46 0.14
N8 26Jan05 0.12 1.04 76.86 0.22
N16 26Jan05 0.09 1.86 94.30 0.12
N17 26Jan05 0.56 2.22 108.50 0.13
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Table C.5: Continued.

ID  Collected NH; PO;~ SiO; NO; +NO,
(M) (pM) (M) (M)

B4 8Jun05 1.18 0.21 247.76 0.00
B5 8Jun05 4345 1.85 226.20 2.97
B6 8Jun05 2.74 0.69 236.56 6.67
B7 8Jun05 8.12 0.83 245.76 5.73
B8 8Jun05 1.27 0.24 242.86 5.02
B9 8Jun05 0.02 0.11 213.66 0.06
B10 8Jun05 11.30 1.35 240.84 4.40
B1l 8Jun05 7.66 1.22 242.95 8.46
Cl 18May05 0.20 0.39 71.87 0.10
C2 18May05 0.26 1.29 90.29 0.28
C3 18May05 0.11 1.39 104.38 0.06
C4 18May05 0.11 1.01 50.95 0.12
C5 18May05 0.36 1.63 124.44 0.22
C6 18May05 0.12 2.14 117.32 0.11
C7 18May05 0.14 1.59 107.11 0.15
C8 18May05 0.11 1.87 127.25 0.07
C9 18May05 0.49 1.89 60.13 2.31
C10 18 May05 0.23 0.20 89.67 0.11
C11 18May05 0.17 1.76 115.41 0.13
C12 18 May05 0.11 0.90 91.96 0.13
NR 27May05 0.05 0.58 147.99 0.00
NO 25May05 0.00 0.57 70.78 0.02
N1 27May05 057 2.08 101.28 0.30
N2 25May05 0.00 0.32 85.27 0.17
N3 27May05 0.06 0.47 93.99 0.04
N4 25May05 0.00 0.66 77.75 0.08
N5 25May05 0.01 0.46 79.39 0.07
N8 25May05 0.00 0.91 87.28 0.09
N9 25May05 0.00 0.66 80.74 0.05
N10 25May 05 0.04 0.38 72.51 0.45
N16 27 May 05 0.14 1.27 126.72 0.15
N17 27 May 05 1.30 0.37 107.17 0.69
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Table C.6: Well sample nutrient concentrations.

ID  Collected NH; PO;~ SiO; NO; + NOy
(pM)  (uM) (pM) (kM)
W1 3Jun03 11.6 2.5 2754 6.9
W2 3Jun03 4.6 0.3 347.8 10.8
W3 3Jun03 4.1 0.6 3554 4.4
W4 90ct02 7.7 nd 196.9 177.5
W5 90ct02 1.2 0.0 346.1 4.0
W6 90ct02 1.2 0.1 173.3 0.9
W7 90ct02 1.0 0.2 296.4 nd
W8 15May03 1.4 0.2 310.8 0.2
W9 15May03 0.3 0.2 309.5 0.9
W10 16 May 03 0.9 - 3115 nd
W11 28 Mar05 0.1 0.4 146.1 2.5
W12 28 Mar05 0.2 0.7 102.4 0.3
W13 28 Mar05 0.1 1.2 124.8 0.0
W14 28 Mar05 0.0 0.2 571 0.1
W15 28 Apr05 12.2 0.2 100.1 0.0
W16 28 Apr0O5 6.9 0.2 101.2 0.0
W17 28 Apr05 3.13 04 923 0.0
W18 28 Apr05 6.8 0.3 106.2 0.4
W19 28 Apr 05 - - - -
W20 26Jul05 14.3 2.1 1175 0.1
W21 13Jun05 0.1 0.2 106.4 1.9
W22 13Jun05 0.1 0.2 105.3 0.5
W23 13Jun05 0.1 0.1 911 3.6
W24 13Jun05 0.1 0.1 97.6 1.2
W25 13Jun05 0.1 0.1 78.5 0.4
W26 13Jun05 0.0 0.2 99.7 0.0
W27 13Jun05 0.0 0.2 108.4 0.1
W28 13Jun05 0.1 0.2 114.0 1.4
W29 13Jun05 0.1 0.3 110.9 0.2
W30 13Jun05 0.1 0.3 1141 2.2
W31 20May 05 1.0 0.2 113.7 0.1
W32 20 May 05 0.7 0.2 105.8 0.2
W33 11 May05 0.0 0.3 110.8 29
W34 20 May 05 nd 0.3 123.7 0.1
W35 12 Apr05 33.1 8.6 913 33.9
W36 28 Apr05 0.80 0.5 99.6 0.2
W37 28 Apr05 6.46 0.3 109.7 0.1
W38 28 Apr05 12.21 0.4 105.3 nd
W39 28 Apr05 6.49 0.3 105.5 0.1
W40 28 Apr05 3.01 0.5 111.7 0.0

T Well was not sampled for Ra isotopes.
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