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Abstract. The deep waters of the Gulf of St. Lawrence
(GSL) have experienced a significant reduction in dissolved
oxygen content during the past decades. One widely doc-
umented driver of this deoxygenation is a change in the
composition of the deep inflowing water that ventilates the
Gulf, which consists of a mixture of warmer, less-oxygenated
North Atlantic Central Waters (NACW) and cooler, more-
oxygenated Labrador Current Waters (LCW). While previ-
ous studies have inferred changes in this inflow from hydro-
graphic and biogeochemical observations, direct constraints
on deep-water ventilation timescales have been lacking.

Here, we present the first spatially-comprehensive mea-
surements of transient tracers (SFg and CFC-12) in the
GSL, allowing direct estimates of tracer-derived mean ages
and ventilation timescales throughout the deep layer. Mean
ages increase systematically with density and exhibit a pro-
nounced along-channel gradient, with younger waters (30—
40 years) in the Lower St. Lawrence Estuary and older wa-
ters (50-60 years) toward Cabot Strait. This west-east in-
crease in ventilation age is more gradual than corresponding
changes in temperature and salinity, indicating that tracer-
derived ages respond differently to variations in source water
composition than hydrographic properties.

The observed gradual age structure is consistent with a
greater influence of older, earlier ventilated NACW in the
eastern Gulf, while younger ages inland reflect a contin-
ued contribution of LCW. These results demonstrate that,
as of 2022, the shift toward longer deep-water ventilation
timescales, and associated changes in inflow properties to-

ward higher NACW composition, is ongoing rather than hav-
ing reached a steady end state, contrary to earlier predictions.

1 Introduction

Ocean ventilation is a physical process that involves the dy-
namic exchange of properties like heat and dissolved gases,
including oxygen, between the atmosphere and the ocean’s
interior (Azetsu-Scott et al., 2005; Fine, 2011; Talley et al.,
2016). It describes the transport of surface waters into the
ocean interior, and vice-versa, a process commonly charac-
terized using the concept of water-mass age, defined as the
time since a water parcel was last in contact with the atmo-
sphere. This process is, for example, important in transport-
ing oxygen to deeper ocean layers and in shaping long-term
properties of water masses in the interior. Ventilation stud-
ies often rely on measurements of transient tracers, such as
sulfur hexafluoride (SFg) and chlorofluorocarbon-12 (CFC-
12) to characterize the relevant time-scales. These are an-
thropogenic gases that are inert once dissolved in seawater
and whose input can be characterized by known variations of
concentrations in the atmosphere (e.g. Khatiwala et al., 2001;
Stoven et al., 2015). SFg and CFC-12 are particularly use-
ful and widely applied in oceanography because their atmo-
spheric history is well constrained; by measuring their con-
centration in seawater and comparing them to atmospheric
input functions, it is possible to estimate how long water has
been isolated from the atmosphere, i.e., its “ventilation age”.
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CFC-12 with its longer atmospheric history, is effective for
tracing somewhat older water, while SF¢ is more sensitive
to recently ventilated waters. After surface water is shielded
from the atmosphere by transport into the interior, abiotic
transient tracer concentrations are affected only by interior
mixing processes, since these compounds are stable in sea-
water under most conditions. The combined use of both trac-
ers enables the resolution of water mass formation and mix-
ing processes, which in turn support interpretation of circu-
lation patterns and distribution of biogeochemical properties,
such as oxygen. Ventilation has been well-studied in certain
regions of the world’s oceans using transient tracers, but re-
mains largely unexplored in others, particularly in marginal
seas such as the Gulf of St. Lawrence (GSL) where, to our
knowledge, no CFC or SF¢ samples have previously been
collected.

Recently, the GSL region has garnered attention due to a
significant decline in dissolved oxygen (DO) concentrations
within the deep layer (e.g. Blais et al., 2024; Genovesi et al.,
2011; Gilbert et al., 2005; Thibodeau et al., 2006), leaving a
growing area persistently hypoxic, i.e. DO < 62.5 umol L™!
(micromoles of Oy molecules present in 1 L of seawater) (Ju-
tras et al., 2023b). Among other property changes, it was re-
ported that the annual average of DO at 300 m depth in the
Estuary of the Gulf dropped to 37 umol L™! in 2023 (12 %
saturation) (Blais et al., 2024). This phenomenon has been
observed increasingly in coastal zones worldwide during the
past few decades (Diaz and Rosenberg, 2008; Gilbert et al.,
2005), for example due to benthic respiration (Lehmann et
al., 2009), upwelling of low-oxygen waters (Grantham et al.,
2004), and long residence times in ocean channels enhanc-
ing hypoxia (Fennel and Testa, 2019). In the well-studied re-
gion at the head of the Lower St. Lawrence Estuary (LSLE),
deep layer DO values decreased from 130 to 60 umol L™ be-
tween 1930 and 1984 where they then remained stable until
about 2019. In 2020, concentrations rapidly decreased to an
annual minimum of 35 umol L! (Jutras et al., 2023b), with
further, slight decrease observed in 2022 and 2023 by Blais
et al. (2023, 2024), down to 34 umol L—!. Based on extensive
measurements in this region, the hypoxic zone was first doc-
umented in the LSLE (Gilbert et al., 2005), with two-thirds of
the decrease in DO since 1930 being estimated to be caused
by a change in the composition of the deep water masses en-
tering the GSL from the North Atlantic, and the other third
being due to eutrophication (Gilbert et al., 2005; Mucci et al.,
2011). The oceanic inflow supplies the deep-water layers of
the GSL with oxygen, and is known to consist of a mix of
well-oxygenated Labrador Current Water (LCW) and less-
oxygenated North Atlantic Central Water (NACW). Several
studies, such as Gilbert et al. (2005) and Jutras et al. (2020),
identified a shift in the composition of the deep-water in-
flow toward a larger fraction of NACW using physical and
chemical parameters, as well as inverse methods such as wa-
ter mass analysis.
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Previous estimates of LCW and NACW fractions at Cabot
Strait have shown considerable temporal variability. For in-
stance, Gilbert et al. (2005) reported a shift from 72 % LCW
and 28 % NACW in 1930 to 53 % LCW and 47 % NACW
over the period of 1980 to 2003, consistent with earlier es-
timates from Bugden (1988) when using their definition of
LCW, which incorporates temperature, salinity and oxygen
characteristics. More recently studies have continued to doc-
ument this evolution. Jutras et al. (2020) reported LCW frac-
tions of less than 10 % on the oo =27.3kgm™> isopycnal
in 2017, and around 50 % at o9 =27.5kg m™3, indicating
a stronger LCW influence at greater depths. In Jutras et al.
(2023b), LCW fractions at Cabot Strait were reported as
0% in 2021, with only small LCW influence at intermediate
depths (~ 250 m) within the Laurentian Channel from a lon-
gitude of Anticosti Island to the LSLE. Together these studies
suggest a progressive but variable transition toward increased
NACW contribution over the past decades.

This study uses transient tracer measurements (SFe and
CFC-12) to quantify ventilation timescales in the GSL and
to assess ongoing changes in the deep-water mass properties
along the Laurentian Channel. Applying a transit time distri-
bution (TTD) framework, we derive mean ages and examine
their spatial variability alongside observed temperature and
salinity patterns to evaluate evidence for the continued influ-
ence of LCW on the deep waters of the GSL (see Sect. 4.1).

We further explore how tracer-derived mean ages can
be incorporated into, and add to, water-mass analysis ap-
proaches, including a linear fraction model and a two-
inverse-Gaussian (2-IG) TTD framework, with particular
emphasis on the sensitivity of such analyses to source water
endmember selection, and assess the robustness of inferred
water-mass fractions across a range of plausible endmember
scenarios (see Sect. 4.2).

2 Hydrography

The St. Lawrence Estuary and Gulf is one of the largest semi-
enclosed estuaries in the world and consists of three compo-
nents: the Upper Estuary ranging from fle d’Orléans to Ta-
doussac, the LSLE spanning from Tadoussac to Pointe-des-
Monts, and finally the GSL. The GSL is a large marginal sea
(approximate area of 240 000 km?) located at the east coast
of North America, and is connected to the Atlantic Ocean
through Cabot Strait between Nova Scotia and Newfound-
land in the southeast, and to the Newfoundland and Labrador
Shelf via the Strait of Belle Isle in the northeast (see Fig. 1).
Due to its depth, Cabot Strait is the main entry point for
North Atlantic water, which enters as a deep inflow (Kouti-
tonsky and Budgen, 1991).

The GSL includes itself three channels (slightly darker
blue areas in Fig. 1), one south of Anticosti Island (Lauren-
tian Channel), connecting the GSL to the Atlantic Ocean, one
north of the Island (Anticosti Channel) and one channel to-
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ward the Strait of Belle Isle (Esquiman Channel), all border-
ing extensive shelf areas.

The current that feeds deep water into the Gulf of St.
Lawrence from the Atlantic Ocean carries two constituents,
LCW and NACW, and enters at depths exceeding 200 m
through Cabot Strait, forming the relatively warm and saline
deep water of the GSL (# =1°C to>7°C and S, = 32.5
to 35) (Galbraith et al., 2024; Lauzier and Trites, 1958;
McLellan, 1957). These source waters mix primarily at the
tail of the Grand Banks, south of Newfoundland, where the
Labrador Current and the Gulf Stream interact, and the re-
sulting water mass is transported into the GSL via the Lau-
rentian Channel (Brickman et al., 2018).

In addition to the deep water entering the Gulf through
Cabot Strait, the water column structure consists of an inter-
mediate layer and a surface layer. The cold (< 1°C) inter-
mediate layer (CIL), is mainly formed locally during winter
due to interior water mixing when cooling and formation of
sea ice increases the density of the surface water (Galbraith,
2006). A small fraction of the CIL also originates from the
inflow of cold water from the Labrador Shelf through the
Strait of Belle Isle and an even smaller contribution origi-
nates through Cabot Strait at intermediate depths (Galbraith,
2006; Shaw and Galbraith, 2023). The intermediate water
layer in the LSLE and Upper St. Lawrence Estuary consists
of less salty water, which is renewed by saltier CIL water
moving inland from the Gulf in spring (Galbraith, 2006).
The relatively warm (> 1 °C, although with large seasonal
variability) and low salinity surface water flows mainly sea-
ward, thereby transporting the continental runoff freshwater
from the Estuary, and water from the north shore rivers to-
wards the Atlantic Ocean (Galbraith, 2006; Gilbert and Pet-
tigrew, 1997). This outflow leaves the Gulf through the south-
ern edge of Cabot Strait, as the inflow mainly occurs around
the northern boundary of the strait (Galbraith et al., 2024).

Using ocean models, the transit times of the deep water
within the Laurentian Channel from Cabot Strait until the
head of the channel range from 2 to 7 years, depending on
the depth (Saucier et al., 2003). For instance, Gilbert (2004)
estimated water at depths of 250 m to flow inland from the
Atlantic Ocean with a speed of 1cms™!, reaching Cabot
Strait after 1 year and the Estuary after 3.5 years, i.e. a tran-
sit time of 2.5 years from Cabot Strait to the Estuary. Re-
cently, Rousseau et al. (2025) provided and integrated esti-
mates for the transit time of the entire deep-water column
(>225m), being 3.2+0.7 years from Cabot Strait to the
head of the Laurentian Channel. The transit time was ana-
lyzed in detail by Stevens et al. (2024) including measure-
ments of a deliberately released tracer experiment (TReX),
that estimated the time for the first water parcels to reach the
head of the Gulf to be 1.7 years from Cabot Strait, with the
bulk of the water arriving after around 4.7 years (in approxi-
mate agreement with the earlier estimates of Bugden, 1988).
This estimate represents waters centred around the density
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surface of 0@ =27.26kgm™3, representing the water layer
from ~ 250-310 m within the Laurentian Channel.

As the transient tracer measurements that we present in
this study were collected in tandem with data collected for
the TReX tracer experiment, as detailed in Stevens et al.
(2024), we use the advection timescales presented in that
study to inform our analyses. Furthermore, we also chose the
same density surface of oo =27.26kgm™ to represent the
core of the deep-water inflow.

3 Data and Methods
3.1 Surveys

The data analyzed in this study was obtained during two field
campaigns, one in June 2022 (TReX 2) and one in Novem-
ber 2022 (DFO’s AZMP Survey/TReX 4), both carried out
on the Canadian research vessel “R/V Coriolis II”. The pri-
mary objective of the TReX 2 field campaign was to track the
deliberately-released tracer trifluoromethyl sulfur pentafluo-
ride (SF5CF3), which was released in October of 2021 on the
density surface of 09 =27.26 kg m~> within the Laurentian
Channel, as part of the TReX experiment aiming at moni-
toring the transport pathways for the deep water in the GSL.
Since the released tracer and the transient tracers focused on
in this study, CFC-12 and SFg, were measured simultane-
ously, sampling was concentrated primarily on this density
layer, resulting in an uneven depth-distribution of transient
tracer observations.

The June cruise was supported by the Marine Envi-
ronmental Observation, Prediction and Response Network
(MEOPAR) and Réseau Québec Maritime (RQM), whereas
the November cruise was conducted by the Department of
Fisheries and Oceans, Canada (DFO) as part of the Atlantic
Zone Monitoring Program (AZMP). The AZMP leads regu-
lar surveys along fixed sections since 1999 to monitor physi-
cal and biological processes in the St. Lawrence Seaway and
the coastal shelf of Eastern Canada, around Nova Scotia and
Newfoundland.

Both cruises sampled sections in the Laurentian Channel,
the Anticosti Channel, the Esquiman Channel, and the later
cruise included sampled stations at Cabot Strait (see Fig. 1)
(Blais et al., 2023).

3.2 Observation parameters

The observed tracer concentrations of CFC-12 and SFg, mea-
sured simultaneously throughout both 2022 cruises cover-
ing the entire GSL and LSLE, were used to estimate water
mass mean ages. By comparing the measured concentrations
in seawater to the known time-varying atmospheric concen-
trations of these tracers, it is possible to estimate the time
elapsed since a water parcel was last in contact with the at-
mosphere, providing a robust measure of ventilation and wa-
ter mass age. Assuming a saturation state that reflects equi-

Ocean Sci., 22, 1391-1407, 2026



1394 L. Gerke et al.: Transient tracer observations in the Gulf of St. Lawrence

T
) c%
52°N &, % % %%, i
./‘6/ d a@ <
o O 0, 2
e % o
o °® Y
® o %%
@ 2
- ; e &
°N [ ] [ ] . =
50°N Pointe-des- & o &ne; Qob”t/q,i @ .J
oy, Monts .? 10081‘/., e’”e/ (Y3 O'% o
?° o, ..b. °®
Yap, v [ ) \%
3 % 7 °0p 9
3 o HC A
E ) o Wng %
© 6 |
| S e L
° ° e
) ., O :
S ° 0.
%eq, 259
46°N - | A i 2% -
e o
A &, = Grand Banks of
\ Newfoundland
44°N {200 km | |
100 mi [ | | Atla ntic o‘ceaqsn, TomTom, Garmin, FAO, NOAA, USGS, EPA, NPS, USFWS, NRCan, Parks Canada|
70°W 65°W 60°W 55°W 50°W | Powered by Esri

Longitude

Figure 1. The Gulf of St. Lawrence, with its main Channels and Straits identified, together with the Lower and Upper Estuary. Sampling
stations from the expeditions in June 2022 (TReX 2 —red dots) and November 2022 (DFO’s AZMP survey/TReX 4 — blue dots) are displayed.

librium between surface water and atmosphere, knowing the
solubility, and the tracers’ atmospheric concentration as a
function of time (Bullister et al., 2002; Bullister and Warner,
2017; Warner and Weiss, 1985), it is possible to reconstruct
the historical input functions of each tracer at the sea surface.
Since the concentration of SFg continues to increase in the at-
mosphere, it can be used to estimate ventilation over approx-
imately the last 40 years. CFC-12, on the other hand, is more
appropriate for slightly older water masses, as its production
started around 1940, but its atmospheric concentration has
decreased since 2002 (see Fig. S1 in the Supplement). Nev-
ertheless, measurements of more than one tracer are needed
to provide information on ventilation patterns and determine,
for example, if this process is more advectively or diffusively
dominated (e.g. Stoven et al., 2015).

Both tracers were measured concurrently on board of the
research vessel with a gas chromatographic — electron cap-
ture detector system attached to a custom purge and trap unit
(GC-ECD/PT5) (Bullister et al., 2002; Gerke et al., 2024;
Tanhua et al., 2004, 2005b). The system has a detection limit
of approximately 0.03 fmol kg~ and 0.02 pmol kg~! for SFs
and CFC-12, respectively (Stoven et al., 2015), and all mea-
sured concentrations during the two surveys showed values
well above the system’s detection limits. For details on the
GC-ECD/PTS5 system and data calibrations, see Appendix A.

The TTD (transit time distribution) method is a well-
established and widely used concept to represent ventila-
tion and allows calculation of various characteristics of the
age distribution for a parcel of water in the ocean, includ-
ing its mean age (e.g. Hall and Plumb, 1994; Shao et al.,
2016; Trossman et al., 2012). As described in detail in Ap-

Ocean Sci., 22, 1391-1407, 2026

pendix B, we constrained the most suitable TTD for this re-
gion using our measured tracers’ concentrations in combina-
tion with a time dependent saturation estimated by Raimondi
et al. (2021) and a A/ T'-ratio (width of the distribution to
mean age ratio) of 1.2. As only relatively young water is
present within the Gulf, we calculated the final mean ages
using the measured SFg concentrations in combination with
the TTD which was determined through the use of both trac-
ers. Note that in this study the term “age” refers to the time
elapsed since a water parcel was last in contact with the at-
mosphere, i.e. since it was ventilated, not the time since it
entered the GSL.

Uncertainties in the mean age values arise from various
factors, including uncertainties in the tracer measurements
(&2 %), uncertainties in constraining the TTD, and most
significantly from the input functions used (i.e. atmospheric
concentration and saturation assumption). Considering all
these factors, an uncertainty of 10 % is applied to the cal-
culated mean ages. See Appendix C for details on each of
the uncertainty factors.

We use potential temperature (¢) and practical salinity (S,)
to infer the composition of the Gulf inflow waters, and the
transient tracers to analyze the ventilation timescale of these
waters. The 6 and S;, data was obtained via CTD sensors dur-
ing both surveys (e.g. Blais et al., 2023).

To provide context on water masses before entering the
GSL, we used data from the GLODAPv2.2022 (Global
Ocean Data Analysis Project version 2) data product (Lau-
vset et al., 2022), which compiles globally quality-controlled
measurements of transient tracers and other oceanographic
parameters from cruises worldwide. GLODAP covers mea-
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surements in the broader North Atlantic and allows charac-
terization of water masses, such as LCW and NACW, before
they enter the GSL. We focused specifically on data collected
after 2010 in the region around the Grand Banks, where the
entering deep water is formed, while still representing LCW
and NACW as distinct unmixed water masses (see Fig. S2).
Mean ages were primarily computed from CFC-12 measure-
ments due to higher abundance of this tracer in those regions.
The same saturation and A /I'-ratio, as determined earlier
were considered for the calculation, being consistent with
conditions in LCW and NACW, as water residence times
before entering the Gulf are relatively short. However, be-
cause only CFC-12 was measured in these regions, it was not
possible to derive local A/ I'-ratio directly, which introduces
some uncertainty to the age estimates.

3.3 Water mass analysis
3.3.1 Linear fraction model

To obtain information on the water mass composition of the
deep water, we use a linear fraction model including the three
parameters, mean age (I'), 6 and Sp (see Eqs. 1-4) and solve
it for a least square solution of fractions.

Lobs = fLew - FLew + fNacw - I'Nnacw (H
Bobs = fLCW - OLcw + fNACW - ONACW 2
Spobs = JLCW * Spr cw T fNACW - Spnacw €)
1 = fLcw + fNacw 4)

Here, the observed values represent the measured parame-
ters within the GSL (Iobs; Gobs; Spoy,) during 2022, frcw
and fnacw display the individual fractions of the two mix-
ing water masses and I'Lcw, I'nacw, OLcw. ONaCWs Sprcow
and Sy, cw indicate the endmembers of the two water masses
before mixing. The endmembers for temperature and salin-
ity are set to be the mean of the 6 and §p range of LCW
and NACW, respectively, as presented in Jutras et al. (2020).
For the mean age endmembers, we observed tracer data mea-
sured outside the GSL since 2010 in the respective temper-
ature, salinity and density ranges, and regions representing
largely unmixed LCW and NACW. The endmembers used in
the main analysis were computed as the mean of the calcu-
lated mean ages within the respective water mass (see Ta-
ble 1). In addition, the full observed range of mean ages
was considered in a sensitivity analysis, pairing the lowest
and highest observed tracer-derived mean ages of LCW and
NACW in opposite combinations to span the full range of
plausible endmember values (see Table S1). All parameters
are considered quasi-conservative (i.e., not affected by bio-
geochemical processes) given the short transit time from im-
mediately outside the GSL to the Laurentian Channel, mak-
ing the use of mean age endmembers plausible (Tanhua et al.,
2005a).
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This linear approach bears uncertainties, such as the se-
lection of the individual endmembers, uncertainty in the pa-
rameter observations used for the fraction calculation, and
structural model assumptions, including the equal weighting
of parameters in a simple least square solution.

To quantify the impact of endmember selection uncer-
tainty, the two sensitivity case studies described above were
used solely to assess the sensitivity of the fraction value es-
timates to endmember selection (see Table S1 and Fig. S3).
In addition, the statistical uncertainty associated with the se-
lection of the mean age endmembers was quantified as the
standard error of the mean (SEM) of the individual tracer-
based age estimates within each water mass in the Atlantic
Ocean, resulting in uncertainties of 1.67 years for NACW
and 0.23 years for LCW. For temperature and salinity end-
members, uncertainties were approximated using uniform
distributions across the reported parameter ranges, resulting
in uncertainties of 1.04 and 1.13°C for NACW and LCW
temperatures, respectively, and 0.06 and 0.46 psu for NACW
and LCW salinities. The mean age observations within the
Gulf, included in the fraction analysis, were assigned a rel-
ative uncertainty of 10 %, as previously specified, while er-
rors in temperature and salinity observations were consid-
ered negligible. An additional 20 % relative uncertainty was
introduced to account for structural assumptions in the sim-
ple linear mixing model. All uncertainties were jointly prop-
agated using a Monte Carlo approach (N = 10000) (JCGM,
2008), yielding in an overall LCW fraction uncertainty of ap-
proximately 21 %. A detailed uncertainty budget analysis is
provided in Appendix D.

Despite these uncertainties, this method offers a compari-
son to the ventilation timescales derived from the transient
tracer measurements and provides additional insights into
water mass composition by more effectively capturing tem-
poral changes and mixing processes in comparison to the
other methods solely relying on hydrographic parameters.

3.3.2 2-IG-TTD approach

As this study utilized measurements of multiple tracers, we
also applied a two-inverse Gaussian transit time distribution
(2-IG-TTD) approach to analyze the water mass composi-
tion. This method accounts for the presence of two water
masses with distinct age characteristics mixing within the
same density surface (for details, see Stoven and Tanhua,
2014). In this framework, the tracer concentration c(t,r) at
location r and time ¢ is represented as a linear combination
of two IG distributions (see Eq. 5).

oo
c(t,r):/ co(t—1")e™ -[a-G(T1,A1,7,r)
0
+(—a)-G(I'2, Az, ', r)ldr, (5)

where I'1 and I'; represent the mean ages of the two end-
member water masses, A1 and A their respective widths of
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Table 1. Endmembers of 6, Sp and I" used for the water mass analysis alongside each water mass fraction range. Note that the mean age
endmembers are represented by the mean of all computed values, not representing the middle of the range.

Variables NACW range LCW range NACW endmember LCW endmember
® (°C) 4.4-8 —-0.7-3.2 6.2+1.04 1.25+1.13
Sp (psw) 35-35.2 33.4-35 35.1+0.06 342+0.46
I' (years) 49-105 7-19 86.5£1.67 12.5+£0.23

the distributions, and « the mixing fraction that corresponds
to the water mass fraction controlling their relative contribu-
tions.

The mean age of the resulting mixed water parcel can be
expressed as a linear combination of the endmember mean
ages (see Eq. 6).

l=a-I'+0—-a)-Ty (6)

In this study, I" represents the observed mean age within the
GSL, derived from transient tracer measurements. I'y is cho-
sen to represent the mean age endmember for LCW and I',
for NACW.

Equation (6) is inverted to solve for the water mass fraction
o

r—-1,

a=—",
| N )

)
yielding the fraction of LCW, with 1 —« representing the
corresponding NACW fraction.

3.4 Deep water time proxy at Cabot Strait

A proxy time series of mean ages at Cabot Strait was con-
structed to better resolve temporal changes. This approach
provides a clearer view of long-term trends compared to
basin-wide observations based on single-year measurements.
Rather than sampling repeatedly at a fixed station, measure-
ments from 2022 along the Laurentian Channel were com-
bined with the estimated deep water transit time from Stevens
et al. (2024) to infer when each water parcel would have
passed Cabot Strait. For each sample, the distance to a fixed
reference location within Cabot Strait (47.2° N; 59.7° W) was
used together with an average transit speed of 0.5cms™! to
assign an equivalent passage date through Cabot Strait. This
allowed construction of a time series representative of in-
flowing water over multiple years.

4 Results and Discussion

4.1 Ventilation and hydrographic data analysis along
the Laurentian Channel

During both 2022 cruises, all three water layers of the GSL,
the warm and fresh surface, the cold intermediate and deep
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water, defined as in Galbraith et al. (2024), were clearly
present (see Fig. 2).

The temperature and salinity structure throughout the wa-
ter column was similar during both cruises (see Fig. 2 — dots
and diamonds) with the deep temperature maximum (8 °C)
present at depths between 200 and 300 m in the Laurentian
Channel. In recent years, the temperature at these depths has
increased from an average of 5.2 °C in 2009 to 7 °C in 2022,
with the warmest water being observed near Cabot Strait,
where temperatures exceeding 7 °C were measured as early
as 2012 (Galbraith et al., 2024).

As our study and the sampling strategy of TReX 2 focus
on the region’s deep layer, hydrographic properties and mean
ages derived from transient tracer observations are examined
in detail for densities greater than 26.25kgm™> (deep water
layer). Across the full deep-water range, temperature, salin-
ity, and mean age all increase with density and show higher
values further east at similar densities (see Fig. 3a, d, and g).

A detailed look at the vertical structure of all properties
along the Laurentian Channel (see Fig. 4) shows colder,
fresher, and younger water overlie warmer, saltier, and older
waters, with relatively flat isopycnals along most of the chan-
nel. The deepest isopycnals gradually disappear inland due to
bathymetric shallowing, suggesting vertical mixing along the
channel. Nevertheless, this is limited, consistent with Stevens
et al. (2024), who reported a basin-wide vertical diffusivity
of 107> m?s~! over one year in the GSL.

On the deep-water isopycnal of g =27.26kgm™,
which was the core sampling focus during TReX 2, the same
trends remain (see Fig. 3b, e, and h), showing warmer, saltier
and older water further east. On this isopycnal, temperature
ranges from approximately 6.4 to 7.5 °C, salinity varies from
34.7 to 34.95, and mean ages range from 25 to 50 years. Al-
though the mean ages exceed the direct atmospheric history
of CFC-12 (tracer age), the values are plausible because the
mean age is derived from the IG-TTD, which reflects a full
distribution of transit times, including its older tail (see also
Guo et al. (2025), who showed that water masses with ideal
ages up to 200 years can be well represented by CFC-12
based on IG-TTD analysis).

Mapping the og =27.26kgm™> measurements across
the GSL (see Fig. 3c, f, and i) shows a sharp change in tem-
perature and salinity at ~ 63° W, corresponding to the eastern
tip of Anticosti Island. Mean ages, however, increase more
gradually eastward from the LSLE to Cabot Strait, with older
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Figure 2. Potential Temperature (¢) vs Practical Salinity (Sp) plot from the bottle data of the two cruises in 2022, showing the three main
layers of the GSL, as indicated by different colors with density lines of g (TReX 2 — dots; DFO’s AZMP survey/TReX 4 — diamonds). The
pink and the cyan areas represent the 6 vs. Sp ranges of LCW and NACW), as defined in Jutras et al. (2020). In addition, a zoomed in area
around the density of og =27.26kg m~3 is shown, with density lines at 27.25, 27.26 and 27.27.

waters near Cabot Strait (~ 60 years) and younger waters
(~30-40 years) further inland.

This west to east along-channel gradient of increasing
tracer-derived mean ages (i.e. lower transient tracer concen-
trations) is opposite to what would be expected from the
general estuarine circulation pathway along the Laurentian
Channel (Dickie and Trites, 1983). Deep water would be-
come progressively older toward the west as it is transported
from Cabot Strait toward the LSLE (e.g. Stevens et al., 2024).
This apparent reversal in the mean age pattern does not nec-
essarily imply a change in the estuarine circulation though,
but could rather reflect changes in the water mass compo-
sition of the inflowing deep water, considering the limited
vertical mixing within the GSL deep water. Because tracer-
derived mean ages reflect integrated ventilation history of
source waters rather than in-situ modification, this pattern
indicates that changes in inflow composition could dominate
over along-channel transport effects.

The deep-water inflow to the GSL is known to consist
of a mix of warm, saline, and older NACW and cooler,
fresher, and younger LCW (e.g. Gilbert et al., 2005; Jutras
et al., 2020). The systematic increase in mean age toward
the east, coincident with higher temperature and salinity,
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therefore suggests a progressively stronger contribution of
NACW within the deep inflow waters entering through Cabot
Strait, whereas younger ages observed toward the LSLE in-
dicate that these waters have a larger fraction of LCW. This
interpretation is consistent with the general hypothesis of
previous studies suggesting a change in the composition of
the Gulf of St. Lawrence’s deep inflow toward an increased
NACW composition (Galbraith et al., 2024; Jutras et al.,
2020). However, recent studies, such as Jutras et al. (2023b),
suggest that since 2021 the deep water within the Laurentian
Channel has been almost entirely composed of NACW. This
contrasts with the gradual west to east age increase along the
Laurentian Channel observed in this study, implying that the
transition toward NACW dominance is ongoing rather than
complete, as of 2022, refining previous interpretations based
solely on hydrographic data.

The inclusion of transient tracers (SFg and CFC-12) in
this study allows, for the first time, a direct quantification
of ventilation timescales in the GSL, providing independent
evidence for the ongoing temporal evolution and compo-
sitional shift of entering deep water. Consistent with this,
the more gradual eastward increase in mean age, compared
to the sharp transition observed in hydrographic parameters

Ocean Sci., 22, 1391-1407, 2026
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Figure 3. Potential Temperature (a), Practical Salinity (d), and Mean

ages (g) measured within the deep-water layer in the GSL (den-

sity > 26.25kg m_3), with the colorbar representing the longitude. Panels (b), (e), and (h) represent a zoomed in area around the
op =27.26kg m—3 isopycnal (green dotted line), respectively, and plots (c), (f), and (i) show the properties interpolated onto the 27.26
isopycnal from observations with densities between 27.25 and 27.27, mapped over the GSL. All the data presented here was collected during
the two surveys in 2022, with the dots represent the measurements from TReX?2 survey, and the diamonds the measurements from the DFO

AZMP survey/TReX 4 cruise.

at ~63°W (corresponding to a distance of ~290km from
Cabot Strait — see Fig. 4), indicates that ventilation-related
tracers respond differently to changes in source-water com-
position than hydrographic parameters alone, even though all
parameters differ substantially between the source waters.

Ocean Sci., 22, 1391-1407, 2026

As the deep-water flows from Cabot Strait toward the
LSLE, the already older water in the eastern part of the Gulf
will flow inland and further increase the mean age of the
deep water in the western part of the Gulf and possibly also
increase hypoxia slightly. Given the transit time of around
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Figure 4. Display of (a) Temperature, (b) Salinity, (¢) Mean age and (d) LCW fraction throughout the Laurentian Channel (shown as distance
from Cabot Strait, calculated as described in Sect. 3.4, where greater distance corresponds to samples collected further toward the LSLE)
versus depth. The LCW fractions here are calculated using the linear fraction model, with endmembers of all properties being the mean of
each range. The black line indicates the g =27.26kg m~3 isopycnal and grey lines represent the 26.5, 26.75, 27, and 27.5 isopycnals. (As
areference, the LSLE starts approximately at a distance of 600 km from Cabot Strait).

4.7 years (Stevens et al., 2024) for the bulk of water to travel
from Cabot Strait to the LSLE, oxygen levels in the LSLE are
expected to continue to drop over the next few years (Nesbitt
et al., 2025), even in the absence of further changes in the in-
flow composition. Over large space and time scales, the ob-
served change in the inflow composition may be linked to a
northward shift of the Gulf Stream, which has been suggested
in numerous modelling studies (e.g. Claret et al., 2018; Joyce
and Zhang, 2010). This northward Gulfstream shift contracts
the subpolar gyre and increases the retroflection of LCW,
reducing the south-westward transport of LCW toward the
mouth of the Laurentian Channel, with implications for the
supply of oxygen to the GSL (Jutras et al., 2023a).

4.2 Water mass analysis

Transient tracer-derived mean ages provide an additional pa-
rameter to include ventilation timescales of deep waters in
the GSL, together with hydrographic properties, to explore
plausible mixtures of source waters entering through Cabot
Strait. Here, we apply a simplified two-endmember linear
water mass fraction analysis along the o9 =27.26kgm™>
isopycnal to assess whether the observed tracer-derived age
gradients are consistent with mixtures of NACW and LCW.
This analysis is intended as an interpretive complement to
the tracer results presented above, rather than as a definitive
quantification of water-mass fractions.

https://doi.org/10.5194/0s-22-1391-2026

Mean age endmembers for NACW and LCW were defined
from the mean of post-2010 observations in regions where
these water masses are largely unmixed (see Table 1 and
Sect. 3.3.1). As with any water-mass fraction analysis, the
inferred fractions depend strongly on endmember selection,
particularly when endmember properties span wide ranges,
as is the case here for temperature, salinity, and mean age.

The resulting LCW fraction map along the
o =27.26kgm~3 isopycnal (see Fig. 5) shows a clear
and consistent along-channel pattern, with higher LCW
fractions toward the LSLE and increasing NACW influence
toward Cabot Strait. While some samples near the LSLE
yield LCW fractions approaching unity, these values should
be interpreted cautiously. They likely reflect the combined
effects of endmember uncertainty and the progressively
shallower water column toward the western Gulf, rather
than the presence of purely unmixed LCW at depth. As
the deepest isopycnals are progressively truncated by the
bottom, weak upward entrainment or vertical mixing can
introduce slightly colder, LCW-like properties into the
o =27.26kgm~3 isopycnal layer. This process can bias
the linear mixing calculations toward higher LCW estimates
additionally.

Sensitivity tests spanning the full plausible range of
NACW and LCW mean age endmember properties (see Ta-
ble S1 and Fig. S3) demonstrate that absolute LCW fraction

Ocean Sci., 22, 1391-1407, 2026
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Figure 5. LCW fraction on the og =27.26kg m~3 isopycnal deep water in the Laurentian Channel calculated using the linear fraction
model with 6, S, and mean age (I") observations, plotted on a map. The endmembers used in the calculations are provided in Table 1 with
all the data presented here being collected during the two TReX surveys in 2022.

values vary substantially depending on endmember choice.
For example, at Cabot Strait inferred fractions range from
near zero to approximately 0.5 under extreme scenarios. In
contrast, LCW fractions toward the LSLE remain consis-
tently higher across all sensitivity cases (~ 0.3 to 0.8). Al-
though this variability limits the quantitative interpretation of
individual fraction values, the qualitative spatial gradient, in-
dicating the continued presence of LCW throughout the Lau-
rentian Channel as of 2022, is robust.

To further explore temporal changes in the composition of
deep inflow waters, we constructed a proxy time series of
mean ages and LCW fractions at Cabot Strait. This approach
provides an inferred view of how inflowing water properties
may have evolved over the past several years, showing an in-
crease in tracer derived mean ages from 2018 to 2022 (see
Fig. S4), suggesting that the deep inflow water to the GSL
has become progressively older in recent years. Despite sub-
stantial variability in absolute LCW fraction values across
extreme endmember scenarios, both sensitivity cases con-
sistently indicate a decrease in LCW contributions at Cabot
Strait from 2018 to 2022, supporting the robustness of the
inferred temporal trend.

The 2-1G-TTD approach produces very similar spatial pat-
terns of LCW fractions along the o9 =27.26kg m~3 isopy-
cnal as the linear fraction model (see Fig. S3). In contrast,
water-mass analysis based solely on ¢ and S, show no de-
tectable LCW contribution on this isopycnal within the Lau-
rentian Channel (see Fig. S5), consistent with previous stud-
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ies that estimated water mass fractions using basic hydro-
graphic parameters (temperature, salinity, nutrients, oxygen,
etc.) combined, for example, with an eOMP (extended op-
timum multiparameter) analysis (e.g. Gilbert et al., 2005;
Jutras et al., 2020, 2023b). This difference does not imply
that transient tracer-based methods are inherently superior to
hydrographic approaches, but rather that ventilation-related
tracers provide complementary information that is not cap-
tured by thermohaline properties alone. Moreover, the indi-
vidual 6 and S, trends suggest ongoing changes (see Fig. 3¢
and f) and the 0 vs. S, plot (see Fig. 2) shows no overlap
with the NACW range, indicating that analysis using only
two variables may provide an incomplete picture (Liu and
Tanhua, 2021).

Overall, the water-mass analysis reinforces the central
tracer-based result of this study: LCW remains present within
the deep waters of the Laurentian Channel as of 2022, de-
spite a growing influence of NACW. While uncertainties in
endmember definition limit the precision of inferred frac-
tions, the consistency of spatial and temporal patterns across
sensitivity tests support the robustness of this conclusion.
When interpreted cautiously, transient tracer-derived mean
ages provide a valuable additional parameter on deep-water
ventilation and source-water influence, complementing hy-
drographic analyses.
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5 Conclusions

Transient tracers (SFg and CFC-12) were measured for the
first time in the GSL, providing direct, spatially resolved
estimates of deep-water ventilation timescales throughout
the Laurentian Channel. Tracer-derived mean ages increase
systematically with density and show a west-east gradient
along the channel, with younger waters (~30-40 years) in
the LSLE and substantially older waters (~ 50-60 years) to-
ward Cabot Strait. This pattern contrasts with the expectation
based on along-channel advection, but is consistent with spa-
tial variations in the, over the last decades observed, compo-
sitional change of the inflowing deep waters.

The observed increasing mean ages toward Cabot Strait,
coincide with higher temperature and salinity observations,
indicating to a progressively stronger influence of older
NACW on the inflowing deep water, while younger ages fur-
ther inland reflect a higher contribution of LCW. The per-
sistence of the along-channel age gradient in 2022 suggests
that the shift toward longer ventilation timescales, associated
with increased NACW influence, is ongoing rather than hav-
ing reached a steady end state, refining earlier interpretations
based solely on hydrographic data (Jutras et al., 2023b).

Comparison between tracer-derived mean ages and hydro-
graphic properties shows the ventilation age evolving more
gradually along the Laurentian Channel than temperature
and salinity, which exhibit sharper transitions. This indicates
that ventilation-related tracers and thermohaline properties
respond differently to variations in source-water composition
and mixing. As a result, tracer-derived mean ages provide a
complementary and independent constraint on the temporal
evolution of deep waters in the GSL that cannot be inferred
from hydrographic observations alone.

The observed increase in ventilation age has direct impli-
cations for deep water oxygen supply. Older, less recently
ventilated waters in the east carry less DO, and continued
advection of these waters toward the LSLE in the next years
is expected to further increase hypoxia (Blais et al., 2024).

Overall, these results underscore the value of transient
tracers for resolving deep-water ventilation timescales and
diagnosing ongoing changes in the composition of the GSL
inflowing deep waters. Incorporating tracer-derived mean
ages alongside hydrographic observations is essential for ac-
curately assessing long-term deoxygenation trends.

Appendix A: Analysis system

The gas chromatographic — electron capture detector (GC-
ECD) system consisted of a precolumn packed with 30 cm
Porasil C and 60cm Molesieve 5A, followed by a main
column packed with 200cm Carbograph 1AC and 20cm
Molsieve 5A. Throughout the measurement, these compo-
nents were kept at a constant temperature of 50 °C. The func-
tion of these columns was to separate the various analytes
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before concentration determination with the electron capture
detector.

Before the analysis, the purge and trap unit extracted the
analytes from the water sample by bubbling N, gas though
the sample and trapping them on a column of 100cm 1/16”
tubing, packed with 70 cm Heysep D. To ensure efficient
trapping, this column was kept at —60 to —70 °C using lig-
uid nitrogen and subsequently heated to 100 °C to desorb the
analytes onto the precolumn.

The water samples were collected in 250 mL glass sy-
ringes directly from the Niskin bottles and after temporal
storage in a 0 °C water bath, 200 mL of the sample volume
was injected into the purge and trap unit.

The system was calibrated by measuring precise volumes
of a calibrated gaseous standard containing known analyte
concentrations. A calibration curve was recorded at the be-
ginning of each cruise and to determine any drift in the de-
tector, point calibration was carried out daily.

Due to high variations and unusual high concentrations re-
ported during DFO’s AZMP Survey/TReX 4, we compared
the results to measured samples during TReX 2 at similar
density and location. This resulted in a scaling of the CFC-
12 measurements by —20 % and SFg by —14 % in order to
achieve internal consistency between the values (see Fig. S6).
We conclude that the measured values from TReX 2 are more
accurate, as they show tracer concentrations in the surface
layer close to 100 % saturation with the atmospheric values
of 2022 and in general have less scatter in the data com-
pared to TReX 4. This shift of the November cruise measure-
ments toward plausible and similar values, and only having
two datasets throughout the year limits the analysis of any
interannual variability, but allows us to perform a Gulf-wide
analysis of the age distribution.

Appendix B: Transit time distribution (TTD) analysis

The transit time distribution (TTD) is a well-established con-
cept looking at ventilation timescales via mean age calcula-
tion using measured transient tracer concentrations. Thereby,
additionally achieving knowledge on the ratio between ad-
vective and diffusive transport of water masses from the sur-
face into the interior ocean (e.g. Stoven and Tanhua, 2014;
Waugh et al., 2003). TTD determination is possible using a
tracer couple sampled at the same location and time with sig-
nificant different input functions, as being the case for SFg
and CFC-12 during the two cruises analyzed in this study.

The method is based on a function describing the concen-
tration of a single tracer at a certain location (c(#,r)), cal-
culated using boundary concentrations of this tracer, related
to their input function, and Green’s function (G(¢,r)) (see
Eq. B1).

cts,r) = /Ooco(zs —te M. G, r)dt (B1)
0
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Figure B1. (a) Comparison of calculated mean ages from CFC-12 and SF¢ with different A / I'-ratio. The saturations for each tracer were
assumed to be time dependent. (b) Display of the relationship between calculated and measured pCFC-12 against pSFg concentrations using

aratio of A/T" =1.2 for the calculations.

Applying four assumptions, being (1) a steady state, (2) a
single source region, (3) no inner water interactions affect-
ing the concentration of the tracer and (4) a one-dimensional
flow, and assuming an inverse Gaussian (IG) age distribu-
tion, the Inverse Gaussian Transit Time Distribution (IG-
TTD) provides one solution for the TTD. Considering dis-
tinct sampling points of a tracer, Green’s function (G (¢)) at
a particular time can be characterized by the mean age (I")
and the width of the distribution (A), excluding the location
(see Eq. B2) (Schneider et al., 2012; Sonnerup et al., 2013;
Stoven and Tanhua, 2014; Waugh et al., 2002).

G(t) = r —re-ry B2
O =\ Gwazs Pz ) B2
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The ratio of width to mean age (A/I"), describes the
above-mentioned relationship of advective to diffusive flow.
A A /T-ratio of 1.0 is the unity ratio, A / I'-ratio > 1 indicate
a diffusive dominating process and a A/ I'-ratio < 1 a more
advective ventilation of a water parcel.

The initial attempt to constrain the TTD in this study and
gain information on the A /I'-ratio involved a standard ap-
proach of comparing mean ages derived from CFC-12 to SF¢
measurements at the same location and time (see Fig. Bla).
This method compares the mean ages derived from the in-
dividual tracers under varying A /I'-ratios. Agreement be-
tween the two tracer-derived mean ages (yellow lines in
Fig. Bla) indicates that the chosen A/ I'-ratio would reflect
local advective and diffusive transport characteristics well.
However, this method did not yield sufficient results across
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all ratios, as in all cases the CFC-12 based mean ages were
generally higher than those derived from SFg (optimal out-
comes would align the data points on top or close to the 1 : 1
line). One potential reason for this discrepancy could be the
assumption of a steady state in ventilation, which is not the
case in the Gulf (see main part of the paper). Additionally,
uncertainties may arise from the assumed inverse Gaussian
shape of the TTD, which might not be practical to use in this
area and/or from the presence of only rather young waters,
affecting the calculations from CFC-12 measurements, given
the tracer’s atmospheric history of declining concentrations
since 2002 (see Fig. S1).

To test this last hypothesis, we compared measured
and calculated CFC-12 concentrations (again under varying
A/ T'-ratios) relative to observed SFg concentrations mea-
sured at the same location and time. We derived mean ages
from SF¢ concentrations and back calculated the correspond-
ing CFC-12 concentrations, which were then compared to
the actual measured concentrations. Figure B1b shows the
difference between expected to measured CFC-12 concen-
trations as a function of the SFg partial pressures fora A /T'"-
ratio of 1.2 (see Figs. S7 and S8 for other A/ I'-ratios). The
calculated values were consistently slightly higher than the
measured values (above the blue line, representing a perfect
match of calculated and measured CFC-12) across the full
range of SFg¢ concentrations (2—-8 ppt), with no systematic
trend toward higher SF¢ values representing recently venti-
lated waters. We therefore conclude that the influence of de-
creasing CFC-12 in the atmosphere is not a relevant factor for
our TTD analysis in this region. Thus, the difficulty in con-
straining the TTD mainly arises from the assumptions made
for the calculation, being the steady state, the single source
region and the inverse Gaussian shape.

Both methods applied indicate the best results with in-
creasing A/ I'-ratio, either by mean ages converging toward
the 1: 1 yellow line (method 1) or by calculated to measured
concentration ratios approaching unity (blue line — method
2), suggesting a diffusive dominated transport. The most suit-
able result from these analyses is obtained with a A / I"-ratio
of > 1.8, indicated by datapoints being closest to the yellow
and blue lines. However, Stoven et al. (2015) concluded that
with increasing A/ I'-ratios, the calculated mean ages be-
come more sensitive to deviations in saturation and tracer
age. Consequently, we selected a A / I'-ratio of 1.2 as an op-
timal balance, along with the time dependent saturation ana-
lyzed by Raimondi et al. (2021) in the Labrador Sea, for the
calculation of mean ages in this study. This choice reflects a
slightly diffusive dominated transport (A / I'-ratio > 1) while
avoiding excessive age deviations (A / I'-ratio > 1.6).

To further assess the plausibility of our chosen ratio,
we examined A /T results derived from a one-dimensional
Gaussian pipe model describing the spreading of the CF3SF5
tracer analyzed in Stevens et al. (2024). In this model,
A /T is calculated from the advective (A = ut) and diffusive
(I' = (2kt)~1/2) terms, yielding values of 1.2 and 1.5 for the
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two surveys (TReX 2 and DFO’s AZMP Survey/TReX 4),
respectively. These values fall within the same range as the
ratio applied in this study, thus providing additional support
for our choice.

For the data inside the Gulf of St. Lawrence, we primarily
focus on the mean ages calculated from SFg concentrations
due to rather young waters, but for the data outside the Gulf
we also include data from CFC-12 concentrations due to the
larger quantity of available measurements.

Appendix C: Uncertainty estimates for mean age
determination

The uncertainty in the derived mean ages arises from several
factors: measurement errors in the transient tracer concentra-
tions, uncertainties in constraining the TTD using various as-
sumptions, and uncertainties in the input function, including
atmospheric concentrations and saturation levels. The uncer-
tainty in the transient tracer concentration involves analyti-
cal measurement errors, calibration biases (=~ 1 %), and er-
rors arising from the use of a fixed purge efficiency in the
calibration (for CFC-12 ~ 2 %) (Stéven and Tanhua, 2014).

The uncertainty increases when using these tracer concen-
trations to determine ventilation dynamics and calculating
mean ages. Consistent with previous studies, we estimate that
the input function contributes a bias to the calculations with
5%—-10% (DeGrandpre et al., 2006; Haine and Richards,
1995; Stoven and Tanhua, 2014; Tanhua et al., 2008). This
primarily involves the use of a fixed saturation, here the time
dependent saturation from the Labrador Sea (Raimondi et
al., 2021), as this varies especially at higher latitudes. Addi-
tionally, it includes the assumption of non-linearity in tracer
solubility, which is influenced by mixing of different water
masses in different ways. A minor contribution to the error
caused by the input function is using a mean atmospheric
concentration derived from measurements at various facil-
ities in the northern hemisphere (Walker et al., 2000). Al-
though this only introduces a bias of less than 1 %.

The assumptions applied to constrain the TTD, such as
steady state conditions, a single source region, no inner wa-
ter interaction, and an inverse Gaussian shape of the distri-
bution, add another source of uncertainty to the calculation
of mean ages. The actual distribution may deviate, particu-
larly due to the mixing of various water masses with differ-
ent time histories, as seen in the merging of the NACW and
LCW. Another source of uncertainty arises from the choice
of a specific A/I'-ratio, which determines the balance be-
tween advective and diffusive flows.

Overall, the combined error, which includes uncertainties
from the use of a fixed input function and measurement in-
accuracies (the largest contributors), results in an uncertainty
of up to 10 %. This error is included in the mean age results
in this study.
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Another uncertainty arises from the application of the uni-
form A/T-ratio (1.2) to regions outside the Gulf of St.
Lawrence (NACW and LCW), where only CFC-12 measure-
ments were available. This limitation prevents direct deter-
mination of local A/ T" values from tracer pairs and may in-
troduce biases when applying a fixed ratio, as discussed by
Guo et al. (2025).

Appendix D: Uncertainty budget for linear water mass
fraction analysis

To account for uncertainties in the water mass fraction analy-
sis, we developed a detailed uncertainty budget that explicitly
incorporates individual sources of uncertainty. All sources
were simultaneously propagated using a Monte Carlo sim-
ulation with 10 000 realizations.

The first source of uncertainty comes from the choice of
the endmembers for each parameter, including mean age,
temperature and salinity. The mean age endmembers were
determined by calculating the mean of all measurements
since 2010 for each water mass in the Atlantic Ocean. There-
fore, the associated error was computed as the standard error
of the mean (SEM), as follows:

— NACW.

a. Endmember range of all included measurements:
49-105 years,
b. Mean of all included measurements: 86.5 years,

c. Standard deviation: or Nacw = 13.16,

d.
Standard error of the mean (SEM) =
OT,NACW
- =1.67 , (D1
y/number of included samples years, (D)
e.
. 1.67 years
Relative SEM = ——— =1.93%. (D2)
86.5 years
- LCW.

a. Endmember range of all included measurements:
7-19 years,

b. Mean of all included measurements: 12.5 years,

c. Standard deviation: ot Lcw = 3.29,

d.
Standard error of the mean (SEM) =
OT,LCW
: =0.23 , (D3
+/number of included samples years, (D3)
e.
. 0.23 years
Relative SEM = ——— = 1.84%. (D4)
86.5 years
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For salinity and temperature endmembers, the range for
each water mass were taken from Jutras et al. (2020), and
the uncertainty were derived as the standard deviation of a
uniform distribution over these ranges (see Eq. D5 through
Eq. D8):

— NACW temperature.

a. Endmember range: 4.4-8 °C (£0.2 °C),
b. Middle of range: 6.2 °C (0.2 °C),
c. Standard deviation of uniform distribution:
_ (84.4°C) 3.6°C
0©,NACW = 2 = 2
=1.04°C. (D5)

— LCW temperature.

a. Endmember range: —0.7-3.2 °C (0.2 °C),
b. Middle of range: 1.25 °C (£0.2 °C),
c. Standard deviation of uniform distribution:
(3.2°C—(-0.7°C)) 3.9°C
0Q,LCW = 2 = 2
=1.13°C. (D6)

— NACW salinity.

a. Endmember range: 35-35.2 psu (1.2 psu),
b. Middle of range: 35.1 psu (£1.2 psu),
c. Standard deviation of uniform distribution:
(35.2-35psu)  0.2psu
05, NACW = 2 = 2
= 0.06psu. (D7)

— LCW salinity.

a. Endmember range: 33.4-35 psu (0.5 psu),
b. Middle of range: 34.2 psu (0.5 psu),
c. Standard deviation of uniform distribution:
(35-33.4psu) 1.6psu
0s, LCW = Nivi = Nis
= 0.46psu. (D8)

Furthermore, the mean ages observed within the GSL and
used in the fraction analysis were assigned a relative un-
certainty of 10 % (see Appendix C). To account for model
simplifications associated with using a simple linear mixing
model and a least square solution, an additional 20 % relative
uncertainty was included.

All uncertainties were then jointly propagated using a
Monte Carlo simulation with 10000 realizations (JCGM,
2008), resulting in a final relative uncertainty of approxi-
mately 21 % for the estimated LCW fractions.
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Data availability. The transient tracer and CTD data of the two
cruises analyzed in this study will be made available through the
open research repository “Canadian Integrated Ocean Observing
System — St. Lawrence Global Observatory” (CIOOS-SLGO)
(https://doi.org/10.26071/d6f3fdfc-788d-48ff; Nesbitt et al., 2026).
These datasets are part of an integrated data product documenting
a 20-year biogeochemical time series in the Gulf of St. Lawrence
region. The metadata is already publicly accessible, while the data
itself will be released following the submission of a related data
manuscript. Additionally, the CTD data from the DFO AZMP
survey can be requested at https://open.canada.ca/en (last access:
16 April 2026). Historical transient tracer data used from the
GLODAPvV2.2022 data product can be found at https://www.ncei.
noaa.gov/access/ocean-carbon-acidification-data-system/oceans/
GLODAPv2_2022/ (last access: 15 June 2023).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/0s-22-1391-2026-supplement.
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