
Biogeosciences, 11, 365–379, 2014
www.biogeosciences.net/11/365/2014/
doi:10.5194/bg-11-365-2014
© Author(s) 2014. CC Attribution 3.0 License.

Biogeosciences

O
pen A

ccess

Calcium carbonate corrosivity in an Alaskan inland sea

W. Evans1,2, J. T. Mathis1,2, and J. N. Cross1,2

1Ocean Acidification Research Center, School of Fisheries and Ocean Sciences, University of Alaska Fairbanks, Fairbanks,
Alaska, USA
2National Oceanic and Atmospheric Administration, Pacific Marine Environmental Laboratory, Seattle, Washington, USA

Correspondence to:W. Evans (wiley.evans@noaa.gov)

Received: 26 August 2013 – Published in Biogeosciences Discuss.: 10 September 2013
Revised: 4 December 2013 – Accepted: 18 December 2013 – Published: 28 January 2014

Abstract. Ocean acidification is the hydrogen ion increase
caused by the oceanic uptake of anthropogenic CO2, and
is a focal point in marine biogeochemistry, in part, because
this chemical reaction reduces calcium carbonate (CaCO3)
saturation states (�) to levels that are corrosive (i.e.,� ≤

1) to shell-forming marine organisms. However, other pro-
cesses can drive CaCO3 corrosivity; specifically, the addition
of tidewater glacial melt. Carbonate system data collected
in May and September from 2009 through 2012 in Prince
William Sound (PWS), a semienclosed inland sea located
on the south-central coast of Alaska and ringed with fjords
containing tidewater glaciers, reveal the unique impact of
glacial melt on CaCO3 corrosivity. Initial limited sampling
was expanded in September 2011 to span large portions of
the western and central sound, and included two fjords prox-
imal to tidewater glaciers: Icy Bay and Columbia Bay. The
observed conditions in these fjords affected CaCO3 corro-
sivity in the upper water column (< 50 m) in PWS in two
ways: (1) as spring-time formation sites of mode water with
near-corrosive� levels seen below the mixed layer over a
portion of the sound, and (2) as point sources for surface
plumes of glacial melt with corrosive� levels (� for arag-
onite and calcite down to 0.60 and 1.02, respectively) and
carbon dioxide partial pressures (pCO2) well below atmo-
spheric levels. CaCO3 corrosivity in glacial melt plumes is
poorly reflected bypCO2 or pHT, indicating that either one
of these carbonate parameters alone would fail to track�

in PWS. The unique� andpCO2 conditions in the glacial
melt plumes enhances atmospheric CO2 uptake, which, if not
offset by mixing or primary productivity, would rapidly ex-
acerbate CaCO3 corrosivity in a positive feedback. The cu-
mulative effects of glacial melt and air–sea gas exchange are
likely responsible for the seasonal reduction of� in PWS,

making PWS highly sensitive to increasing atmospheric CO2
and amplified CaCO3 corrosivity.

1 Introduction

The uptake of anthropogenic carbon dioxide (CO2) by the
contemporary ocean increases the concentration of hydro-
gen ions (lowers seawater pH), which drives a cascade of
alterations in the marine carbonate system in a phenomenon
known as ocean acidification (OA) (Gattuso and Hansson,
2011; Doney et al., 2009; Caldeira and Wickett, 2003; Raven
et al., 2005; Orr et al., 2005; Dore et al., 2009). Of particular
biogeochemical importance, raising hydrogen ion concentra-
tions consume carbonate ions (CO2−

3 ), which in turn reduces
the saturation state (�) of calcium carbonate (CaCO3) min-
erals important for shell-forming marine organisms (Fabry et
al., 2008; Feely et al., 2004, 2009; Millero, 2007). When�,
defined as the ion product of CO2−

3 and calcium (Ca2+) in
seawater relative to the stoichiometric solubility product for
CaCO3 at a given temperature, salinity and pressure, is re-
duced to levels below 1, waters become corrosive to CaCO3
and dissolution occurs. Two major phases of CaCO3, arago-
nite and calcite, have specific solubility products that cause
aragonite to be∼ 1.5 times more soluble than calcite (Dick-
son, 2010), such that aragonite becomes undersaturated and
dissolves before calcite in the ocean (Orr et al., 2005). Cor-
rosive� levels for both phases of CaCO3 are naturally found
in the ocean at depths below the level of continental shelves
(Millero, 2007). However, ocean acidification as a direct re-
sponse to rising atmospheric CO2 is causing these levels to
shoal above the depth of the shelf break (∼ 200 m) and in-
undate shallow water in some coastal locations (Bryne et al.,
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2010; Bates et al., 2009; Feely et al., 2008, 2010; Leinwe-
ber and Gruber, 2013; Mathis et al., 2011a, b, 2014b) mak-
ing these areas vulnerable to environmental changes with
an associated disruption in ecosystem services (Cooley and
Doney, 2009; Barton et al., 2012; Feely et al., 2012; Mathis
et al., 2014a). In many of these locations, natural variabil-
ity in the carbonate system and/or coastal eutrophication can
combine synergistically with OA to drive manifestations of
severe CaCO3 corrosivity (Harris et al., 2013a; Cai et al.,
2011; Mathis et al., 2011b). However, independent of OA,
CaCO3 corrosivity can result from processes such as the in-
fluence of coastal rivers (Salisbury et al., 2008; Tank et al.,
2012) and sea ice melt in high latitude settings (Yamamoto-
Kawaii et al., 2009, 2013; Chierici and Fransson, 2009; Bates
et al., 2009; Azetsu-Scott et al., 2010). To date, CaCO3 cor-
rosivity from glacial discharge has received far less attention.

Glacial discharge to the marine environment may occur
directly from marine-terminating tidewater glaciers or via
proglacial (immediately in front of a glacier) streams drain-
ing mountain-terminating glaciers. The discharge at ocean–
glacier interfaces has unique chemical characteristics free
from additional alteration that would occur in proglacial
streams. That is, glacial water in streams can receive added
alkalinity through the dissolution of carbonate sediments
and/or vegetation processes (Anderson et al., 2000). Depend-
ing on the flow path of meltwater through a glacier, there may
be less chance for interaction with bedrock and sediments.
Therefore, meltwater transmitted directly to the coastal ocean
will have a lower alkalinity than stream-transmitted glacial
meltwater. Glacial discharge from tidewater glaciers takes
the form of melt plumes in adjacent, proglacial coastal wa-
ters, and are created by a mixture of subglacial discharge,
melt from the glacier ice face, and melting calved ice (Mo-
tyka et al., 2003). Subglacial discharge occurs at the ground-
ing line of the glacier or at some other submarine level, and
can account for a high percentage (> 50 %) of the discharge
from tidewater glaciers (Motyka et al., 2003; Walters et al.,
1988; Mortensen et al., 2013). Subglacial discharge creates
a region of turbulent convective flow immediately adjacent
to the terminus of tidewater glaciers where mixing from ris-
ing buoyant melt plumes enhances melt from the glacier ice
face, undercutting the glacier terminus and accelerating the
calving rate (Motyka et al., 2003; Ritchie et al., 2008). The
combination of these processes creates glacial melt plumes in
proximal coastal waters with distinct temperature and salin-
ity characteristics (Motyka et al., 2003; Walters et al., 1988;
Mortensen et al., 2013).

Glacial melt plumes are expected to be biogeochemically
unique, however, this has been underrepresented in the litera-
ture. Studies have focused on the impact of glacial melt from
the standpoint of contributing to freshwater runoff (Neal et
al., 2010), sea level rise (Arendt et al., 2002; Larsen et al.,
2007; Gardner et al., 2013; Berthier et al., 2010), as a source
of labile organic matter (Hood et al., 2009), as a source
of stratification and/or turbidity that influences coastal pri-

mary productivity and carbon uptake (Dierssen et al., 2002;
Shadwick et al., 2013), and as a source of the micronutri-
ent iron (Bhatia et al., 2013). To date, only two studies have
described the impact of glacial melt on the marine carbon-
ate system. Both of these studies report undersaturated CO2
partial pressures (pCO2) with respect to the atmosphere in
Greenland coastal surface waters impacted by glacial melt
(Rysgaard et al., 2012b; Sejr et al., 2011). Sejr et al. (2011)
observed a high sediment load in low-pCO2 runoff from
proglacial rivers in Young Sound on the northeast coast of
Greenland, and a more than 100 µatm difference between di-
rectly measuredpCO2 andpCO2 calculated from dissolved
inorganic carbon (DIC) and total alkalinity (TA). The differ-
ence inpCO2 was correlated with turbidity, with the largest
disparity coinciding with instances of highest sediment load.
The explanation invoked by Sejr et al. (2011) was that, due
to the reactive nature of carbonate particles in glacial melt-
water (Brown, 2002), these particles reacted chemically ei-
ther during storage or analysis of the DIC / TA samples and
added approximately 7 to 10 % more alkalinity, which then
resulted in lowerpCO2 than what was directly observed. Sejr
et al. (2011) then hypothesized that the reactive particles in
low-pCO2 glacial melt consumed additional CO2 and con-
tributed to the widespread low surfacepCO2 seen throughout
Young Sound. Rysgaard et al. (2012) reported similar results
from Godthåbsfjord on the southwestern coast of Greenland,
where the occurrence of high TA relative to DIC in under-
saturated surface water with respect to atmospheric CO2 was
used to argue the importance of glacial discharge that con-
tained reactive carbonate minerals for setting air–sea CO2
uptake.

A concurrent increase in TA and decrease inpCO2 in the
surface water impacted by glacial discharge that contained
reactive carbonate minerals would also imply an increase in
� levels. Therefore, glacial discharge that is less buffered
by the presence of reactive particles derived from proglacial
river sediments should have lower, more corrosive,� levels,
and this may co-occur with undersaturatedpCO2. A situation
can then exist where surface waters corrosive to CaCO3 may
become more corrosive by the uptake of atmospheric CO2.
Here, we present data from Prince William Sound (PWS), an
Alaskan inland sea ringed with tidewater glaciers (Fig. 1),
which provide evidence that glacial discharge in this high
latitude coastal setting has a radical impact on the corrosiv-
ity of CaCO3 that may then be exacerbated by air–sea gas
exchange.

2 Study area

PWS is a semienclosed, sub-Arctic inland sea on the south-
central coast of Alaska that exchanges with the adjacent Gulf
of Alaska (GOA) largely via two passages: Hinchinbrook En-
trance and Montague Strait (Fig. 1). It is defined as an inland
sea because appreciable horizontal circulation occurs in the
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Fig. 1. Top panel is a Moderate Resolution Imaging Spec-
troradiometer (MODIS) true color image of southern Alaska
from spectral data collected aboard the National Aeronau-
tics and Space Administration (NASA) Terra satellite on 16
June 2013. The image was provided by the NASA Earth
Observatory (http://earthobservatory.nasa.gov/IOTD/view.php?id=
81416\&src=eoa-iotd), and shows a cloud-free day over southern
Alaska with Prince William Sound (PWS) and the adjacent Gulf of
Alaska (GOA) visible from space. Labeled geological features rel-
evant to this study are the Chugach and Kenai mountain ranges on
the north and west side of PWS, respectively, and the Copper River.
Lower panel is bathymetry (color bar; m) of PWS with the locations
of hydro-casts marked where dissolved inorganic carbon (DIC) and
total alkalinity (TA) measurements were collected (magenta dots).
Hinchinbrook Entrance and Montague Strait are labeled, as these
are the major connections between PWS and the GOA. Knight Is-
land Passage (K.I.P.) is the north–south oriented channel in the
western portion of PWS. Icy Bay and Columbia Bay are marked
because these fjords were sampled for the reason that they contain
tidewater glaciers. The glaciers in these fjords are marked by red
triangles, and other tidewater glaciers in PWS are marked by ma-
genta triangles. Bathymetry data are from a digital elevation model
(DEM) provided by the National Oceanic and Atmospheric Ad-
ministration (NOAA) National Geophysical Data Center (NGDC;
http://www.ngdc.noaa.gov/mgg/coastal/). The red circle delineates
the single station (PWS2) that was sampled during every survey of
PWS from 2009 through 2012.

surface layer (Niebauer et al., 1994; Musgrave et al., 2013;
Halverson et al., 2012b; Vaughan et al., 2001). Downwelling-
favorable winds, which dominate from September through
May, drive surface flow into PWS through Hinchinbrook En-
trance, with compensatory outflow through Montague Strait
(Niebauer et al., 1994; Halverson et al., 2012a). This “flow-
through” scenario is reduced and more complex between
May and September, when winds are only weakly down-
welling favorable or upwelling favorable and surface flows
are typically weaker with reversals through either strait be-
coming more common (Halverson et al., 2012a; Niebauer
et al., 1994). However, transport at this time can be highly
baroclinic, with inflow at depth flushing the deepest portions
of PWS (> 400 m) in as fast as a month (Halverson et al.,
2012a). The central region of PWS is a deep 400 m basin,
which is silled from the adjacent GOA at a depth of approx-
imately 250 m at Hinchinbrook Entrance and near 150 m at
Montague Strait (Fig. 1). The central region is defined as the
area north of Hinchinbrook Entrance, and is approximately
50 km wide. A shoal with a series of islands separates the
western and central regions of PWS, and the main north–
south channel the in western PWS is Knight Island Passage
(K.I.P.; Fig. 1). Near the northern terminus of K.I.P. is the
deepest area in PWS, with depths reaching approximately
700 m. Surrounding PWS are the Chugach and Kenai moun-
tain ranges to the north and west, respectively, which reach
to heights approaching 4 km. These mountain ranges contain
extensive ice fields and glaciers, many of which are losing
volume rapidly due to climate change (Arendt et al., 2002,
2006). Encircling PWS from Columbia Bay westward are
numerous proglacial fjords with tidewater glaciers originat-
ing from these mountains (Fig. 1). Glacial discharge, either
as a direct input to the sound or indirectly via proglacial
streams, contributes an estimated 60 % of the freshwater dis-
charged to PWS, which itself contributes 11 % of the total
runoff to the GOA (Neal et al., 2010). The large freshwater
supply to PWS, coupled with the fact that the adjacent GOA
shelf is shallower than significant portions of the sound, also
makes this inland sea a complex fjord-type estuary.

3 Data collection and analysis

Beginning in 2009, bi-annual carbonate system measure-
ments were collected within PWS during May and Septem-
ber as part of a broader carbonate system study on the GOA
continental margin (Mathis et al., 2014b; Evans and Mathis,
2013; Evans et al., 2013b). Data were collected aboard the
US Fish and Wildlife Service R/VTiglax. Hydrographic data
and seawater samples were collected from select depths at
stations in PWS using a rosette equipped with 5 L Niskin bot-
tles and a Sea-Bird 911Plus conductivity-temperature-depth
(CTD) profiler. Temperature (T ) and salinity (S; calculated
from conductivity) data presented here were processed us-
ing standard protocols recommended by Seabird, and salinity
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data are reported in this manuscript using the Practical Salin-
ity Scale (PSS-78, dimensionless). DIC and TA samples
were drawn from Niskin bottles into clean 250 mL Pyrex
glass reagent bottles using established gas sampling proto-
cols (Dickson et al., 2007). The Pyrex bottles were pretreated
with 200 µL of saturated HgCl2 solution to prohibit biologi-
cal alteration, and a headspace of< 1 % of the bottle volume
was left to allow for water expansion. Fixed samples were
sealed and analyzed for DIC and TA at the University of
Alaska (UAF) Ocean Acidification Research Center (OARC)
using a VINDTA 3C (http://www.marianda.com/index.php?
site=products\&subsite=vindta3c). Seawater certified refer-
ence materials (prepared by A. G. Dickson, Scripps Institute
of Oceanography) were analyzed before samples were pro-
cessed to ensure that DIC and TA measurements were ac-
curate to within 0.1 % (∼ 2 µmol kg−1). Dissolved oxygen
(O2) samples were drawn from the Niskin bottles prior to
DIC and TA sampling, and processed using a modified ver-
sion of the Winkler titration method (Langdon, 2010). Dis-
solved O2 values are presented here as1O2, which repre-
sent the dissolved seawater concentration (µmol kg−1) mi-
nus the O2 saturation concentration (µmol kg−1) at the in
situ temperature and salinity. The O2 saturation concentra-
tions were calculated using the equations described by Gar-
cía and Gordon (1992). Nutrient samples were drawn from
Niskin bottles into 20 mL Nalgene high density polyethy-
lene scintillation vials, frozen at sea and processed at UAF
using an Alpkem Rapid Flow Analyzer 300 and protocols
following Whitledge et al. (1981). The nominal precision and
accuracy of the silicate and phosphate measurements were
< 0.1 µmol kg−1. The saturation state of aragonite (�arag)
and calcite (�calc) phases of CaCO3 were calculated using
the T, S, pressure, DIC, TA, silicate and phosphate data with
the constants described by Lueker et al. (2000) via a Matlab
version of CO2SYS (van Heuven et al., 2011). The Lueker et
al. (2000) constants were chosen because they are applicable
to measurements over the range ofT andS values observed
in PWS. With these constants, pH is calculated on the total
hydrogen ion scale (pHT).

4 Results and discussion

A total of 8 cruises surveyed PWS between 2009 and 2012
during May and September (Fig. 1). The first 5 cruises
conducted a limited number of stations within Montague
Strait and K.I.P. in western PWS. The three latter cruises
in this data set, first occurring in September 2011, had ex-
panded coverage over western and central portions of PWS,
during which 56 % of the 744 carbonate system measure-
ments were collected. One station, located near the north-
ern terminus of K.I.P, was sampled during all 8 cruises (cir-
cled station in Fig. 1). During September 2011, water col-
umn carbonate chemistry was sampled for the first time
at a station in Icy Bay adjacent to the Chenega Glacier

(within 1 km; Fig. 1). The following May, a station was
occupied in Columbia Bay abutting the moraine shoal of
Columbia Glacier. The depth of the moraine shoal ranges
between near sea level to∼ 20 m, and it acts as a barrier
to ship travel because it is populated with grounded ice-
bergs produced by the calving face of Columbia Glacier.
The terminus of Columbia Glacier was approximately
20 km north of the moraine shoal at the time the survey
was conducted (http://earthobservatory.nasa.gov/Features/
WorldOfChange/columbia_glacier.php). In September 2012
both near-glacier sites were repeated, however our approach
to Chenega Glacier in Icy Bay was limited by extensive
calved ice. General patterns immediately evident in the PWS
data set were that (1) variability in all parameters was great-
est at the surface (< 9 m) compared with that seen at depth
(> 500 m), and (2) there was a significant increase in the dy-
namic range of surfaceT , S, TA, DIC, �arag and�calc in
September relative to May, which was not reflected inpCO2
or pHT (Table 1).

4.1 Trends in PWS carbonate data

The trends in TA versus salinity for the entire PWS data
set revealed a large excursion from a linear fit at low salin-
ities (Fig. 2). Extrapolation of this linear fit to zero salinity
would imply a freshwater TA end-member of 648 µmol kg−1;
however, the low salinity data suggest a much lower fresh-
water TA end-member. DIC data followed this depletion in
TA at low salinities, albeit the ratio of TA to DIC declined
(Fig. 2). The TA / DIC ratio provides a means for identify-
ing instances of DIC addition or removal relative to TA; and
when TA and DIC are close to 1, the concentration of CO2−

3
is low (Chierici and Fransson, 2009; Sarmiento and Gruber,
2006). Figure 2 shows a decrease in the TA / DIC ratio at both
high and low salinities, with surface water (< 9 m) having a
TA / DIC ratio of less than 1.06 at low salinity (Fig. 2). Mean
deep water (> 500 m) TA and DIC were not largely differ-
ent between May and September, with concentrations near
2220 and 2160, respectively (Table 1). The lowest TA / DIC
ratios were in this water with values of 1.01 (Table 1). The
high DIC relative to TA in deep water was presumed to re-
sult from the remineralization of organic matter that was pro-
duced in the euphotic zone and delivered to depth, and from
the seasonal exchange of deep water with the adjacent GOA
(Niebauer et al., 1994) that has a low TA / DIC ratio (Mathis
and Evans, unpublished data, 2013).

pHT, �arag, and pCO2 became decoupled in low salin-
ity surface water that had concurrent low TA / DIC ratios
(Fig. 3). These carbonate parameters are tightly coupled in
deep water, with corrosive levels of�arag(i.e.,< 1) coincid-
ing with values of pHT below 7.87 andpCO2 above 565 µatm
(Fig. 3). pHT, �arag, andpCO2 are also tightly coupled be-
tween salinities of 24 and 32, as instances of high TA / DIC
ratio (> 1.1), which correspond to surface (< 9 m) measure-
ments (Table 1), coincided with the highest values of�arag
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Fig. 2. May and September PWS measurements of TA (blue) and
DIC (red) collected between 2009 and 2012 as a function of salinity
(top; µmol kg−1). A linear fit between TA and salinity is shown for
data with salinity greater than 22 (TA = 47.5× Salinity + 648;r2

=

0.96). Lower panel shows TA / DIC ratio versus salinity. Surface
data (< 9 m) are highlighted in each panel using bold circles.

and pHT, andpCO2 well below saturation with respect to
the atmosphere (Fig. 3). The instances of high TA / DIC ratio
corresponded with positive1O2 values and depleted nitrate
(NO−

3 ) concentrations (Fig. 4). Concurrent observations of
O2 oversaturations, depleted NO−

3 concentrations and drawn
down DIC levels provide strong evidence of episodes of
high primary productivity. Positive1O2 values in the face
of rapid air–sea gas exchange could have only resulted from
high rates of primary production. In both of the above situ-
ations,�arag and pHT tracked each other whilepCO2 had
an inverse trend (Fig. 3). These relationships between the
three variables are typical of the manifestations of CaCO3
corrosivity in coastal settings (Feely et al., 2008; Harris et
al., 2013b; Cai et al., 2011; Leinweber and Gruber, 2013;
Mathis et al., 2014c). The relationships between�arag, pHT
andpCO2 changed at salinities less than 24 in this setting
(Fig. 3). In these low-salinity surface waters, TA fell below
the typical mixing line with freshwater and the TA / DIC ra-

Fig. 3. pHT (top), �arag (middle), andpCO2 (bottom; µatm) as a
function of salinity and TA / DIC ratio. The dashed horizontal line
in the middle panel is the�arag= 1 level below which dissolution
of aragonite will occur, and the dashed horizontal line in the lower
panel is the September 2012 atmosphericpCO2 in PWS estimated
following Evans and Mathis (2013; 380 µatm). Surface data (< 9 m)
are highlighted in each panel using bold circles.

tio approached the low levels seen in PWS deep basin wa-
ter (Table 1, Fig. 2). Corrosive levels of�arag at the lowest
salinities were similar to those seen at the highest salinities in
deep water, however,pCO2 was undersaturated with respect
to the atmosphere while pHT was not as low as the values
observed at depth (Fig. 3).

www.biogeosciences.net/11/365/2014/ Biogeosciences, 11, 365–379, 2014
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Table 1. Mean (µ), standard deviation (σ ), minimum and maximum values ofT , S, TA (µmol kg−1), DIC (µmol kg−1), TA / DIC, pCO2
(µatm), pHT, �aragand�calc for surface (< 9 m) and deep (> 500 m) samples collected in PWS in May and September. The total number of
measurements for each parameter was 744; the number of May surface and deep data was 25 and 7, respectively; the number of September
surface and deep data was 54 and 20, respectively.

T S TA DIC TA / DIC pCO2 pHT �arag �calc

µ σ µ σ µ σ µ σ µ σ µ σ µ σ µ σ µ σ

May
< 9 m

6.1 1.0 30.9 0.7 2111.8 31.7 1916.8 50.3 1.10 0.02 254 59 8.20 0.09 2.07 0.38 3.30 0.61

May
> 500 m

5.4 0.1 32.9 0.2 2222.3 15.7 2158.8 23.0 1.03 0.01 724 168 7.77 0.09 0.86 0.16 1.35 0.25

September
< 9 m

11.5 1.5 25.5 2.5 1845.5 150.5 1693.3 122.8 1.09 0.02 284 39 8.12 0.06 1.69 0.35 2.73 0.54

September
> 500 m

5.4 0.2 33.1 0.1 2224.6 24.9 2156.8 28.8 1.03 0.01 695 114 7.79 0.07 0.88 0.13 1.39 0.20

min max min max min max min max min max min max min max min max min max

May
< 9 m

3.2 7.4 28.7 31.7 2033.6 2151.0 1790.4 1995.0 1.06 1.15 155 376 8.04 8.37 1.43 2.76 2.30 4.41

May
> 500 m

5.3 5.6 32.8 33.1 2212.1 2257.0 2135.0 2198.0 1.01 1.04 602 1067 7.60 7.85 0.58 1.03 0.91 1.63

September
< 9 m

6.1 13.3 18.7 28.3 1285.2 2068.2 1237.0 1861.7 1.04 1.13 205 401 7.96 8.27 0.60 2.49 1.02 3.99

September
> 500 m

5.2 5.6 32.9 33.3 2154.8 2258.3 2095.7 2200.5 1.01 1.05 529 948 7.65 7.90 0.65 1.10 1.02 1.74

Fig. 4. Measured O2 minus the saturation O2 value (1O2;
µmol kg−1) as a function of TA / DIC ratio and NO−3 concentra-

tion (µmol kg−1). A linear fit between1O2 and TA / DIC ratio is
shown (1O2 = 1569× TA / DIC + −1714;r2

= 0.65). Surface data
(< 9 m) are highlighted using bold circles.

The decoupling between CaCO3 corrosivity andpCO2 or
pHT in PWS surface water appeared in September but not
May. May�aragdata followed a predictable relationship with
pCO2 that was well represented by a polynomial fit (Fig. 5).
High pCO2 levels coincided with low and corrosive�arag
values, and lowestpCO2 corresponded with highest�arag.
The lowestpCO2 and highest�arag conditions were seen
at this time. The relationship between�arag andpCO2 was
far less predictable for September data. September data, in
general, followed a different trajectory than the May data,

Fig. 5. May (left) and September (right)�arag as a function of

pCO2 (µatm) and CO2−

3 (µmol kg−1). The dashed gray line is a
5th order polynomial fit to the May data. Surface data (< 9 m) are
highlighted in each panel using bold circles.

being mostly above the May polynomial fit atpCO2 values
less than 600 µatm, and with a large degree of scatter at a
pCO2 range between 200 and 400 µatm (Fig. 5). September
data falling above the May fit with highpCO2 for a given
�aragwere likely the result of the seasonal surface warming
seen in PWS between May and September, as the observed
mean 5◦C temperature increase would drive a 60 µatm in-
crease inpCO2 but only a 0.05 unit increase in�arag rela-
tive to the spring mean surface values (Table 1). The largest
variability in �arag at a givenpCO2 in the September data
coincided with surface measurements with depleted CO2−

3
concentrations by as much as 100 µmol kg−1 (Fig. 5). The
lowest�aragvalue observed (0.6) was one of the low-pCO2,
low-CO2−

3 data points, and was seen in low salinity surface
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water depleted in TA (Figs. 2, 3); these characteristics were
found in data collected near tidewater glaciers (Figs. 1, 6).

4.2 Near glacier observations

During each September occupation of a station proxi-
mal to Chenega Glacier in Icy Bay (Fig. 1), cold, low-
salinity surface water was observed with undersaturated
pCO2 and�arag(Fig. 6). These low salinity surface plumes,
which span between 10 and 20 m, are diluted in TA, and
have low TA / DIC ratios making them depleted in CO2−

3 .
These surface plumes had low, nonzero NO−

3 concentra-
tions ranging from 2 to 8 µmol kg−1, and 1O2 ranging
from −40 µmol kg−1 to near saturation with the atmosphere
(Fig. 6). The first observation of surface near-corrosive cal-
cite saturations in the GOA was at this site and under these
conditions (Fig. 6). However, our data reveal that there is
appreciable variability in the surface expressions of CaCO3
corrosivity in glacial melt plumes. A consistent feature of the
water column in and around Icy Bay at this time of year was a
mid-depth temperature maximum caused by the cold surface
melt plume overriding warmer water from the adjacent main
basin in the western PWS (Gay III and Vaughan, 2001). Dur-
ing 2011, the temperature of this layer was∼ 3◦C warmer
than it was in 2012;�arag in this layer, and at the surface,
was nearly 0.3 units higher in 2011 than in 2012 (Fig. 6).

To evaluate the source waters responsible for these char-
acteristics, we calculated mixing lines, following Walters et
al. (1988), between (1) PWS source waters in the mid-depth
temperature maximum and freshwater at 0◦C (Fig. 7; “mix-
ing line”), and (2) PWS source water and water from glacial
melt (Fig. 7; “melt-line”). When ice, either at or calved from
the glacier terminus, melts in seawater, latent heat of fusion
causes a relatively large change in temperature per unit salin-
ity. This trait has been used to distinguish glacial melt from
other sources of freshwater in Columbia Bay (Walters et al.,
1988) and in some Greenland fjords (Mortensen et al., 2013).
The larger change in temperature per unit salinity results in a
steeper “melt line” from adding glacial melt compared with
the “mixing line” from freshwater addition. Note that sub-
glacial discharge alone would simply be a source of freshwa-
ter, albeit does not typically occur alone in summer but rather
in conjunction with melting from the glacier ice face that
then enhances the calving rate from the glacier (Ritchie et
al., 2008; Motyka et al., 2003). As such, glacial melt plumes
at this time of year would be a combination of these three
constituents of glacial melt.T/S data collected during 2012
track the “melt line” indicated strong modification by glacial
melt, with only a small region of departure in the very near
surface layer (Figs. 6, 7). The data from 2011 follow a near-
consistent trajectory between the “mixing line” and the “melt
line”, indicating only moderate modification by glacial melt
relative to the 2012 data (Fig. 7). We suggest that the more
corrosive conditions observed in 2012 were due to the greater
addition of glacial melt relative to 2011. Ancillary evidence

that the degree of glacial melt in Icy Bay was greater in 2012
is that our approach was limited to at least 3 km from the
terminus of Chenega Glacier (Fig. 1) by the high density of
calved ice, but the most corrosive conditions to date were ob-
served then. In 2011 we were able to get much closer to the
glacier terminus yet the water column was less corrosive to
CaCO3 (Fig. 6)

Data from Icy Bay illustrated that there are year-to-year
differences in glacial melt and the degree of CaCO3 corro-
sivity, but data from Columbia Bay show that there is a crit-
ical seasonal difference that has implications for corrosivity
over the upper water column in PWS. In May and Septem-
ber 2012, a station near the moraine shoal of Columbia Bay
(Fig. 1) was sampled for carbonate chemistry. Profiles re-
vealed vastly different conditions between these months in
this fjord (Fig. 8). During September, the mid-depth temper-
ature maximum indicative of the adjacent PWS basin wa-
ter was present, as well as a cold, low-salinity surface melt
plume with�araglevels less than those seen at mid-depth. Al-
though there are differences between these September data,
and those from Icy Bay (Fig. 6), the patterns are consis-
tent between the two fjords and reflect the varying degree of
corrosivity in surface melt plume water. Conversely, in May
there was essentially no plume. Vertical profiles ofT andS

show nearly homogenous conditions with very little evidence
of stratification (Fig. 8). Temperatures cooled considerably
from depth to the surface, where only a slight decrease in
salinity was observed.�aragat this time varied by only±0.1
units, being near-corrosive with values close to 1.2 through-
out the water column (Fig. 8). At adjacent stations, we iden-
tified a water mass at 40 m that appeared to extend from
Columbia Bay across a large portion of the western PWS
(Fig. 9). This mode water had specificT andS, and therefore
potential density anomaly (σt ) characteristics, and was below
the mixed layer based on the World Ocean Circulation Exper-
iment mixed layer depth criterion of a 0.125 kg m−3 change
from the surfaceσt value (Monterey and Levitus, 1997). This
water mass could also be identified by mid-depth temperature
minima in the broader PWS (Fig. 9), and such cold layers
have been previously observed in association with proglacial
fjords (Gay III and Vaughan, 2001; Pickard, 1967).

We suggest that Columbia Bay, and likely other proglacial
fjords in and around PWS, serve as mode water formation
sites near the end of winter when surface water tempera-
tures are at their coolest. Glacial melt at this time is typically
at a minimum because subglacial discharge is reduced and
proximal fjord water temperatures are cooler (Motyka et al.,
2003), however, for the case of Columbia Glacier, which has
been retreating catastrophically (Post et al., 2011), the prox-
imal fjord is likely still impacted by melt sources from the
glacier that then can affect water properties on the seaward
side of the moraine shoal in Columbia Bay. Thus, at its for-
mation site, this mode water may be imprinted with chemical
signals from glacial melt. In this way mid-layers of the water
column may be impacted by corrosive mode water formed in
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Fig. 6. Depth profiles from Icy Bay (Fig. 1) collected during September in 2011 (black) and 2012 (red) of temperature (a; ◦C), salinity
(b), NO−

3 (c; µmol kg−1), 1O2 (d; µmol kg−1), pCO2 (e; µatm), and� (f). Temperature and salinity traces are from CTD downcasts, and
dots are the measurements made at the depth Niskin bottles were fired during upcasts. The gray dashed line in panel(d) denotes1O2 in
equilibrium with the atmosphere. The gray dashed line in(e) is the atmosphericpCO2 for September 2012 in PWS from Evans and Mathis
(2013). The gray vertical line in(f) is the� = 1 level below which CaCO3 dissolution will occur.(f) Shows�arag for September 2011
(black), and both�arag (red) and�calc (gray) from September 2012; nearly corrosive surface levels of�calc (1.02) were seen here for the
first time in the GOA.

Fig. 7. Temperature (◦C)–salinity diagram for September 2011
(black) and September 2012 (red) profiles in Icy Bay (Fig. 1). Traces
are from CTD downcasts, and dots are the measurements made at
the depth Niskin bottles were fired during upcasts. The solid and
dashed gray lines are mixing lines between source waters estimated
from Fig. 6, and freshwater at 0◦C, with solid and dashed lines
marking 2011 and 2012 data, respectively. The solid and dashed
blue lines are mixing lines that describe ice melting in seawater,
following Walters et al. (1988), with the 2011 and 2012 source wa-
ter characteristics, respectively.

proglacial fjords, while the surface water column during this
time period serves as a refuge from CaCO3 corrosivity.

4.3 Far-field influence of glacial melt

Data collected at PWS2, the station north of K.I.P. that has
been repeated during every cruise in PWS (Fig. 1), revealed
that springtime temperature minima occur every year. The

Fig. 8.Depth profiles of temperature (left;◦C), salinity (middle) and
�arag(right) collected in Columbia Bay (Fig. 1) during spring 2012
(black) and autumn 2012 (red). The vertical gray dashed line in the
right panel denotes the�arag= 1 level below which dissolution of
aragonite will occur. Temperature and salinity traces are from CTD
downcasts, and dots are the measurements made at the depth Niskin
bottles were fired during upcasts.

magnitudes vary, however, and these features are not always
directly associated with local minima in�arag (Fig. 10).
From the limited number of profiles done in PWS thus far,
it is not possible to diagnose the source of chemical vari-
ability across mid-depth temperature minima, however, we
can speculate that it is related to (1) year-to-year variability
at the formation sites within proglacial fjords, (2) variabil-
ity across potential mode water formation sites, and (3) vari-
able connectivity between the adjacent GOA and PWS. The
single May profile in a glaciated fjord prevents any kind of
assessment of the first two potential sources of variability,
and clearly more data are needed to address these points.
However, PWS2 data does provide a hint of the variable con-
nectivity between the adjacent GOA and PWS. For instance,
calcite undersaturation was observed in the deep basin wa-
ter north of K.I.P. during spring (Table 1, Figs. 3, 5). This
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Fig. 9. Spring 2012 depth profiles of temperature (◦C) and σt

(kg m−3). The color of the profiles corresponds to the station po-
sitions shown on the map. The mode water withT andσt charac-
teristics is identified with a gray circle in each panel.

observation has only been made once, and we speculate that
this is related to the synchronicity between when our mea-
surements were collected and when downwelling conditions
abated on the shelf. Being that deep water renewal events oc-
cur during nondownwelling periods (Niebauer et al., 1994)
and can flush bottom waters in as rapidly as a month (Halver-
son et al., 2012a), calcite undersaturation could build up dur-
ing stagnant winter months in the deepest portions of PWS
but be extinguished by the time our survey takes place in May
given this is the time seasonal downwelling conditions are on
the decline (Mathis et al., 2014b; Weingartner, 2007). Year-
to-year differences in downwelling forcing on the shelf can
be large (Mathis et al., 2014b), and likely determine if cal-
cite undersaturation is observed given our set cruise sched-
ule. Analogously, variability in the mid-depth temperature
minima is likely a function of when our measurements were
made relative to the conditions in PWS at the time. These
temperature minima are ephemeral, lasting possibly only a
few months (see Fig. 4 in Gay III and Vaughan, 2001), and
have not been observed during September at PWS2 (Fig. 10).

The cumulative pulse of corrosive melt plumes from
proglacial fjords in late summer/early autumn may play a
large role in the decrease of average CaCO3 saturations in
PWS surface water (Table 1). Surface�aragvalues at PWS2
are lower in September than they are in May (Fig. 10); areal
mean September CaCO3 saturations are∼ 20 % lower than
those in May, and coincide with a 13 % reduction in TA (Ta-
ble 1). At this time, the dynamic ranges of TA and DIC in-
creased by 85 and 67 %, respectively (Table 1), likely due
to input of corrosive glacial melt. However, other sources of
freshwater, specifically from the Copper River that flows into
the GOA to the east of PWS or smaller river systems that
flow directly into PWS, could also impact this pattern in TA
and DIC. With the current data set, it is not possible to par-
tition glacial melt versus other sources of freshwater. How-
ever, given the evidence described above, we expect glacial
melt plays a large role in initiating the seasonal increase in
CaCO3 corrosivity within PWS. Note that the lesser increase
in the dynamic range of DIC relative to TA suggests that a

Fig. 10. Temperature (◦C; left) and�arag (right) for K.I.P. station
PWS2 (Fig. 1) for spring (top) and autumn (bottom) from 2009
through 2012. The dashed vertical lines in the right panels denote
the�arag= 1 level below which aragonite will dissolve.

process is adding DIC with little effect on TA, and is at play
during the period of greatest observed CaCO3 corrosivity. We
propose that the mechanism adding DIC is air–sea gas ex-
change driven by undersaturatedpCO2 in corrosive glacial
melt plumes.

4.4 Air–sea exchange feedback with glacial melt

CaCO3 corrosivity caused by the addition of glacial melt
is not OA; that is, acidification by atmospheric CO2 up-
take. However, the undersaturatedpCO2 and�arag levels in
glacial melt plumes can cause a feedback that further de-
creases�arag levels via the addition of DIC caused by air–
sea CO2 exchange. This scenario may be similar for sea
ice melt, which is also a source of CaCO3 corrosivity to
the ocean (Yamamoto-Kawaii et al., 2009; Mathis et al.,
2011b). Observations of both under and oversaturatedpCO2
levels with respect to the atmosphere have been made in
sea ice melt (Miller et al., 2011; Bates et al., 2009; Rys-
gaard et al., 2012a), and it has been suggested that a sea
ice pump exists that plays a dominant role in atmospheric
CO2 uptake by the Arctic Ocean (Parmentier et al., 2013;
Rysgaard et al., 2007; Rysgaard et al., 2009). Undersatu-
ratedpCO2 with respect to the atmosphere in glacial melt
plumes would also enhance atmospheric CO2 uptake, and
the resultant increase in DIC from this exchange could fur-
ther increase CaCO3 corrosivity. This change in DIC can be
estimated assuming complete equilibration of the melt plume
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with the atmosphere. This estimation invokes the Revelle fac-
tor, which describes the sensitivity ofpCO2 to changes in
DIC (Sarmiento and Gruber, 2006; Takahashi et al., 1993).
The change in DIC from air–sea gas exchange (1DIC) can be
determined by manipulating the Revelle factor definition by
Sundquist et al. (1979):1DIC =1pCO2/pCO2,SW/ Revelle
factor× DIC. 1DIC can then be equated to a change in�arag
given the initial TA, DIC,T andS properties. For the case
of autumn 2012 Icy Bay surface water, the air minus sea
pCO2 (1pCO2) was 85 µatm, seawaterpCO2 (pCO2,SW)
was 295 µatm, DIC was 1237 µmol kg−1, and the Revelle
factor was 18. This equates to a 20 µmol kg−1 increase in
DIC via atmospheric CO2 uptake, and a 0.5 unit decrease in
�arag from the observed already undersaturated conditions
(Fig. 4). Assuming the glacial melt plume spans 10 m of the
upper water column and an average September coastal ocean
sea–air CO2 flux of 10 mmol CO2 m−2 d−1 from Evans and
Mathis (2013), this change in�aragcould occur in as rapidly
as 20 days.

The above example calculation can be depicted graph-
ically for combinations of water properties mixed lin-
early between autumn 2012 Icy Bay surface water
(TA = 1285 µmol kg−1, T = 6.4◦C, S = 18) and a approxi-
mation of TA (430 µmol kg−1), T (0◦C), andS (0) proper-
ties from published data of melted glacial ice collected from
the nearby land-terminating Bench Glacier (Anderson et al.,
2000). The top panel in Fig. 11 shows thepCO2, �arag, and
Revelle factor responses to mixing these two water masses
linearly along the salinity gradient from 0 to 18 for differ-
ent cases of TA / DIC ratio ranging from 1.15 to 1.00. This
range of TA / DIC ratios brackets the highest and lowest val-
ues observed in the PWS data set (Table 1), and produces an
envelope of trajectories forpCO2, �arag, and Revelle factor
values that result from mixing across the continuum between
Bench Glacier and Icy Bay waters. This calculation shows
that the TA / DIC ratio of Icy Bay water sets whether coin-
cidently undersaturatedpCO2 and �arag will be observed.
When the TA / DIC ratio of Icy Bay water is high (e.g., 1.15),
undersaturation ofpCO2 and supersaturation of aragonite
occurs at higher salinities. When the TA / DIC ratio of Icy
Bay water is low (e.g., 1.00), supersaturation ofpCO2 co-
incides with undersaturations of�arag at higher salinities.
Across the mixing continuum, all potential mixing combina-
tions at the low-salinity end indicate that undersaturations of
pCO2 and�arag will co-occur. This calculation also shows
that the Revelle factor is maximized for glacial plumes in
Icy Bay waters with low TA / DIC ratios. The uptake of at-
mospheric CO2 in these conditions could exacerbate existing
�aragundersaturations.

The lower panel in Fig. 11 illustrates the potential change
in �arag (1�arag) that would ensue if surface waterpCO2
equilibrated with the atmosphere, given thepCO2, DIC and
Revelle factor conditions from the upper panel.1�arag will
have no change or be positive only when surface water
pCO2 is near or above saturation with the atmosphere. By

Fig. 11.A representation of the positive feedback between the ad-
dition of direct glacial melt and the uptake of atmospheric CO2
on �arag. Top panel shows the effect of glacial melt addition and
the TA / DIC ratio (1.00 to 1.15) on�arag, pCO2 (µatm) and the
Revelle factor for water masses mixed linearly between Icy Bay
TA (1250 µmol kg−1), S (18) andT (5◦C) and Bench Glacier TA
(430 µmol kg−1), S (0) andT (0◦C) at 1 atm. Bench Glacier TA is
from Anderson et al. (2000). Icy Bay and Bench Glacier data over
the range of TA / DIC ratios are marked with gray lines. The black
horizontal dashed line is the�arag= 1 level below which disso-
lution of aragonite will occur. The gray vertical dashed line is the
September 2012 atmosphericpCO2 in Prince William Sound esti-
mated following Evans and Mathis (2013; 380 µatm). Trajectories
of constant TA / DIC show different scenarios of increasing�arag
andpCO2, and decreasing Revelle factors. The lower panel shows
the change in�arag (1�arag) that would result from the complete
equilibration of the melt plumes with the atmosphere at thepCO2,
DIC and Revelle factor conditions represented by the trajectories
shown in the top panel (i.e., lines of TA / DIC are those shown in
the top panel and not adjusted for air–sea gas exchange). As such,
1�arag is negative in waters gaining DIC and being acidified, and
positive is waters losing DIC via air–sea gas exchange. The most
negative1�arag values are in buffered plume water (Revelle fac-
tor < 15) with high TA / DIC ratios due topCO2 levels well below
saturation with the atmosphere and saturated�aragvalues. Weakly
buffered, low-pCO2 meltwater already has�aragvalues near zero,
so CO2 uptake from the atmosphere will have little effect.
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contrast, weakly buffered, low-pCO2 meltwater already has
�aragvalues near zero, CO2 uptake from the atmosphere will
have little effect and1�arag is also negligible. In all other
cases, acidification by atmospheric CO2 uptake will intensify
CaCO3 corrosivity in glacial melt plumes. These calculations
only take into account air–sea CO2 exchange, although the
time rate of change forpCO2 and� are both also dependent
on warming, mixing and biological processes. True trajecto-
ries of the evolution ofpCO2 and� in glacial melt plumes
fall somewhere within the envelopes depicted in Fig. 11.
Given the wide range of variability, it is essential to resolve
these trajectories in order to make robust predictions of the
downstream impact of glacial melt addition.

Corrosive melt plumes increase in corrosivity via air–sea
gas exchange, and will impart their corrosivity on adjacent
coastal water through mixing. This increase might be slightly
offset if the buoyant melt bloom acted as a nutrient source
to the surface via turbulent mixing during its formation. A
resultant phytoplankton bloom could act to decrease the cor-
rosivity of the upper water column via DIC draw down, al-
beit it is unclear whether this would balance the addition
of DIC from air–sea gas exchange. Monthly climatologies
of satellite chlorophyll from the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) suggest that phytoplankton
abundance (using chlorophyll as a proxy) is generally low
throughout most of the year in the portion of the sound pop-
ulated by tidewater glaciers (Figs. 1, 12). Our data from Icy
Bay show no evidence of an upwelling source of nutrients
(Fig. 6), and we argue that the interaction between glacial
melt plumes and air–sea CO2 exchange is the likely candi-
date to explain the disparity between changes in TA and DIC
dynamic ranges between May and September and the sea-
sonal reduction of� in PWS surface waters (Table 1). Fur-
ther study should evaluate the evolution of the coupled roles
of glacial melt addition, alternate sources of freshwater, pri-
mary productivity, and atmospheric CO2 uptake in driving
this change in CaCO3 corrosivity. The data we have pre-
sented here serve as a baseline for our understanding of the
carbonate system in PWS, and indicates the important role
glacial melt has in this system. We anticipate the influence
of glacial melt on the PWS carbonate system also affects the
adjacent continental margin.

4.5 Transmitting corrosive PWS water to the
continental shelf

CaCO3 corrosivity from glacial melt impacts the upper 50 m
of the water column of PWS in two ways: (1) as mode
waters with distinct chemical signals, and (2) as surface
plumes of glacial melt. These seasonally distinct signals im-
ply a transition from a refugium from CaCO3 corrosivity
for surface-dwelling organisms in May to a more corrosive
surface environment in September. The opposite would be
the case for sub-surface waters influenced by mode waters
formed in proglacial fjords, with corrosivity there reduced

in September as opposed to May. The downstream extent
of mode waters emanating from proglacial fjords is uncer-
tain, and likely impacts a narrow range of the water column
over relatively short distances. However, ribbons of corrosive
mode water extending from proglacial fjords can be sources
of the large mid-depth variability, as observed by Evans et
al. (2013b) on the GOA continental margin, with potential
consequences for vertical migrating organisms in the water
column. Contrary to this local impact, the seasonal increase
of CaCO3 corrosivity in the PWS surface layer may have
farther-reaching effects. During the nondownwelling period
of the year, the “flow-through” scenario seen in PWS is far
less distinct (Niebauer et al., 1994; Halverson et al., 2012a)
due to the constricted nature of this inland sea combined
with reduced downwelling-favorable winds, and concomi-
tant with this is the seasonal increase in CaCO3 corrosiv-
ity. When downwelling-favorable winds increase in Septem-
ber, corrosive surface water that has built up in PWS would
be rapidly evacuated to the continental shelf. This pulse of
CaCO3 corrosivity would become integrated into the pole-
ward, alongshore-flowing Alaska Coastal Current, and im-
pact ecosystems downstream. Cruise data collected thus far
have not resolved this potential pulse of corrosivity to the
continental margin from the PWS. This is a critical and cur-
rently undiagnosed link between PWS and the GOA that
must be addressed by future research.

4.6 Predicting corrosivity on glacially influenced
margins

A critical result applicable to any coastal area impacted by
glacial melt is that CaCO3 corrosivity is poorly reflected by
pCO2 or pHT alone, indicating that either one of these car-
bonate parameters in isolation would fail to track corrosive
conditions in these settings. This is not the case for the man-
ifestation of CaCO3 corrosivity in coastal upwelling regions
(Feely et al., 2008; Harris et al., 2013b) or in areas impacted
by rivers (Salisbury et al., 2008; Cai et al., 2011; Evans et al.,
2013a; Feely et al., 2012) that experience highpCO2. This
realization is essential for the establishment of robust moni-
toring efforts targeting OA in proglacial coastal settings. The
approach of Mathis et al. (2014c) to employ empirical rela-
tionships betweenpCO2 and�arag in order to track CaCO3
corrosivity in bottom waters on the Bering Sea shelf would
fall short in this setting because of the decoupling of these
parameters in regions impacted by glacial melt. Although
untested in proglacial fjords, the multiple linear regressions
(MLR) developed by Evans et al. (2013b) should fare bet-
ter as those predict both TA and DIC, thereby accounting
for the nonlinearity of the carbonate system that provokes
the variability in� at low pCO2 levels (Figs. 3, 5). How-
ever, we expect large error in the predictions using those
equations because the relationship between NO−

3 and DIC in
glacial meltwater is uncertain, and the MLR’s used by Evans
et al. (2013b) are heavily based on NO−

3 . Only the direct
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Fig. 12.Monthly climatology of MODIS chlorophyll (mg m−3) for Prince William Sound. November, December and January lack data due
to persistent cloud cover during those months. Monthly climatologies are provided by the National Aeronautics and Space Administration
(http://oceandata.sci.gsfc.nasa.gov/MODISA/Mapped/Monthly_Climatology/4km/chlor/).

measurement of two carbonate parameters will allow�aragto
be accurately quantified in settings where glacial melt plumes
are encountered.

5 Summary

We have presented a growing data set of carbonate system
measurements collected within PWS, a semienclosed inland
sea on the south-central coast of Alaska. These data revealed
that conditions corrosive to CaCO3 evolve through the in-
fluence of glacial discharge in a seasonally dependent man-
ner: as near-corrosive mode water emanating for proglacial
fjords, and as glacial melt plumes. CaCO3 corrosivity was
most intense in glacial melt plumes proximal to the terminal
face of the Chenega tidewater glacier in Icy Bay. This plume
water was undersaturated with respect to both aragonite (and
nearly so for calcite) and atmosphericpCO2. Simultaneous
undersaturation of�arag and pCO2 sets up the condition
whereby air–sea gas exchange can exacerbate CaCO3 corro-
sivity by increasing DIC. This situation is unique to environ-
ments influenced by glacial melt plumes, and demonstrates
thatpCO2 or pHT alone would fail to capture manifestations
of CaCO3 corrosivity in these regions. We speculate that the
impact of glacial melt plumes acts in concert with atmo-
spheric CO2 uptake to reduce average� during September
relative to May when surface melt plumes are nonexistent.
This is a seasonally modulated process that is likely termi-
nated at the start of downwelling season when PWS func-
tions in more of a “flow through” manner, evacuating a pulse
of corrosive surface water to the adjacent GOA continen-
tal margin. The addition of glacial melt to PWS, combined
with its semiconfined circulation pattern during the melt sea-
son, make it susceptible to significantly amplified corrosiv-
ity due to increasing atmospheric CO2. The link between the
addition of corrosive glacial melt and air–sea gas exchange
should be further studied as this potentially plays a signif-

icant role in shaping ecosystems both within PWS and in
areas downstream along the coast of Alaska that would be
affected by the autumn release of corrosive surface waters.
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