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Abstract

The sediment biogeochemistry of C. N, P and biologic silica (BSi) plays an important role in
cycling of these elements maquatic ec:osYStems. In shallow coastal and estuarine systems, water-sediment
nutrient dynamics can influence biologicall'fOCesse5 (e.g., primary production) in overlying Waters.

The objectives of this study lin:
• characterize C, N. P and BSi geochemistry of the surface sediments in the Gulf of Riga,
• estimate the spatial distribution, including net flux and sink, for organic C, Nand P in the Gulf of

Riga,
• ex.amine if there are any appropriate bulk, regional and/or vertical relationships between the

nutrients.,
• examine if nutrient biogeochemistry in surface sediments vary as a response to natmally occurring

processes i.e., intensity of sedimentation and bioturbation, oxygen deficiency, variation of
temperature

Spatial and vertical distribution reveals that organic C and N ratio is almost independent of sediment
characteristics and location, and exhibit a stable value down the sedimeDt cere, Over 90 % of carbon and
nitrogen in sediments is organic. In contrast, organic P constitutes Ies.s than SO % of the total pbospborns pool,
The organic C-.N:P ratio in sediments indicate that N and P are decomposed preferentially to C. whereas P is
decomposed preferentially to N. The stable C:N ratio in sediments indicates that preferential N decomposition
occurs in water column and/or immediately upon settling at .sediment surface. Distribution pattern of BSi
suggests that accumulatioo rate of s:cdiments controls BSi cooccnttation. AlIhough nutrient loading from
dn.inage area increased draJtically over the past 100 years, vertical profiles of C, N and BSi show no variation in
element concentrations except in the top few ccntimettts. A COITe$p'ODding int:::reaseof bem:l::l.iG biomass most
likdy results in low elemental accumulation tnitbcse sedittle:nts. ' .

Although Gulf of Riga is one of the most produc:t1iv:e mas, in the '&1'tic $iea." ~ l1tentio.ns of C
and N levels were limited. However. ~g spring and autumn AJlgae blooms tGf:ai Cand N concenittations
increased in the study area. Limited data $\lggest5. ·tMtburrowing .q}hipods. diIectly u~ the Cand N
concentrations in the top 2-3 em of sedimen.fs. Tbe vertical distribution of P is mon: dependent on oxygen
concentrancn, which is largely controlled by bioturbation and sedimemation rates, Moreover, the results suggest
that bioturbation is largely responsible for temporal accumalation of inorganic P in surface sediments.

The tow unidirectional fluxes of dissolved inorganic nitrogen (DIN) a:od dissolved inorganic
phosphorus (DIP) in early spring is consistent with low water f.eulpeDtUre and poor nutritional quality of
e:xperimental1y added material The high water te:mpcnrtare and better nutritional quality of material added in
summer, campamti~'ely to winter, resuhed in large DIN and DIP fluxes.. M~ve:r, flux experiments under low
oxygen conditions and pulse input of large qumtities of settling seston suggest that sediment swface might
experience: lack of oxygen despite availability of oxygen in the averlying W3tc:r column.
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Introduction

On geological time scales,
sedimentary processes in oceans playa critical
role in distribution of C, N and P (e.g., Berner
et al. 1993, Kump 1993). On shorter time
scales, however. sediment biogeochemistry
pJa'ys a significant role in cycling of C, N and
p m ~ballow aquatic ecosystems e.g.. lakes.
estuaries, coastal bays and seas, continental
shelves (Callender 1982, Wulff et tU. ]990,
Wollast 1993). Sediments can be a temporary
source of some compounds, a terminal sink for
others or an interface of biogeochemical
transfonnations (e.g., Hallberg et al. 1972,
Blackburn and Henriksen 1983). In many
cases the magnitude of these sediment-water
processes is sufficient to be a major
component in calculating oxygen or nutrieDt
(C, N and P) fluxes/sinks, and hence,
important in formulating estuarine
management strategies.

The nutrient and oxygen dynamics of
surface sediments in shallow coastal and
estuarine systems can influence conditions in
overlying waters and sediments (e.g., Holm
1978, ZeitzscAe1 1980, Nixon and Pilson
1983). The dissolved nutric:nt fluxes from
sediments to the overlying water column may
fluctuale on a seasonal to annual basis as a
response to various factors e.g., settling of
organic detritus, effect of temperature on
microbial reactions (Klump aNi Martem 1989,
Scudlark and Church 1989). In addition.
biogeochemical processes in sediments may be
coupled to the microbial degradation of
organic matter' deposited from the overlying
~-aw column.

Several environm:ental factons have
been mentioned 10 be of significance for
ttutrieftt and oxygen dynamic in surface
scdtrne:ots e.g., quantity and quality of organic
matter n:acbing the sediment swfacc
(Wassmann J 9&4, Jensen eJ al: 1988), infnmal
community characteristics (BlaclburtJ and
Henriksen 1983), and chemical characteristic
of sw:fic:al sediments and overlying water
(Henriksen and Kemp 1988). However, these
variables are bighly interactive and therefore,
it is often difficult to identify cause and effect
relationships.

The loading of nutrients into the
Baltic Sea bas increased four-fold in N and
e~~dmP~I~(~n~M
1985). However, calculations of overall
ntttr:imIt budgets (e.g., Larsson et al: J985,
Andersen 1986) indicate that N and P
concentrations in water do not increase at a
corresponding rate. The budget ca1culatioDS
generally assume that mcressed burial in

sediments results in this discrepancy (e.g .. Larsson
et al. 1985, Wulff et al. 1990). The burial of C. N, P
and other elements in sediments may reflect
changes in element loading and environmental
c~ns that are on time scales from years to
millennia [Schneider et al, 1990, Wollast 1992).
Howev~, the scarcity of sediment data in budget
calculations calls for additional studies of
sedimentary processes.

Wulff and Stigebrandr (1989) discussed
that empirical studies of large-scale ecological
~rocesses are a widely accepted approach in
limnology. The results from such empirical studies
are expected to be similar to those of marine
systems. However. in Iak~ n is more
straightforward to derermme the Isystem bQUndaries
and transfer of energy and material what makes
lake system studies easier comparing 10 marine
systems. Therefore, it is logical to focus on
comparatively smaIl marine basins such as the Gulf
~f .Ri~ to understand these biogeochemical
indications.

The present thesis is a summa.ry of six
articles dealing with distribution and relationships
of nutrients in surface sediments. and between
nutrient biogeochemistry and environmental
parameters.

Study area

The Gulf of Riga is a shallow and semi-
enclosed basin of the Baltic Sea. The total area and
volume for the Oulfofltiga are 19 OOOkm? and
420 kmJ,respectivety.The dlaimge area covers
136 ~ km1 andconsists of Quaternary. Devonian.
Cmnbnan deposits and (Yurkovskis eJ aLl993).
The maxiInDD:l and mean depths are 62 and 20 m,
respectively. COntinDollS deposition of fine material
(nWnly at 40-50 m depth) comprises ahom 28 % of
the total area. These accmrw1a:tion bottoms are
mostly situated in the south and southwestemparts
of the Gulf of Riga (Juskevics et oJ. 1993). The
northern part of the Gulf of Riga (north of R.uh.nu
Wand) is dominated by lrllnSpOrtationierosion
bottoms (Raudsep el ,oJ. 1993) coosisting ef 53Ji)d

~ pebb~csIbou1dersat·dle ~ee. Udundtrlymg
stiff glacial clay/clayey silt SImflat Hth6logy also
dominates in the southwestern part of the Gulf with
water depths shallower than 35 m.

Water exchange with the Baltic Sea occurs
at the: oorth of Gulf through the Irbene and Muhu
Straits .with sill depths of 3.5 m and 5 .m.
respectively. Frestnv.ter nmoffis mainly located to
the soulhlsoutheast of the Gulf and averages at 362
Imr yr" (Lamik el al, 1999). The Gulf of Riga is
usually thermaUy stratified from AprilIMay through
Septcmbc:rJOctober. The location of the
thermocline is normally situated between 20 and 30
m. Consequently. fine-grained material. which

s
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settles on transportation bottoms beneath the
spring-summer thermocline, is resuspended in
autumn when thermal stratification breaks
down.

Results and discussion

Distribution of nutrients and their
relatioDsbips (Papers 1, 2 and 3).

Spatial and vertical distribution of
nutrients. and relationships among them are
important factors for assessing the impact of
sedimentary biogeochemical processes an the
ecosystem. Such information is useful for
additional studies i.e .• laboratory, statistical,
and model approaches of the response on tbe
distribution and composition within the
sediments during natural and anthropogenic
changes.

The first article deals with the
physical structure 811d carbon- and nutrient
geochemistry of sediments in the Gulf of Riga.
Loss on ignition (LOT) measurements, used in
this study, is frequently used to estimate
organic C concentrations in surface sediments.
Altbough LOI does not represent a weU-
defined chemical parameter (i.e., heating
removes most of organic C, organic N, crystal
water, and volatile compounds), it gives a
fairly stable bulk average ratio of 3.0 between
LOI and organic C. In contrast, very weak
correlation is observed between LOI and
organic N. Previous studies indicate that WI
correlates well with the water content (WC) in
sediments (HlzJcanson and Jansson 1983).
Consistent with this, data from the Gulf of
Riga also exhibit a strong logariIhmic
correlation (R~-96) between we and LOI
almost independently of sediment location and
burial depth (Fig. 1. paper 1). The largest
deviations from we and LOI correlation occur
at sites with glacial day (i.e., old sediments).

The C:N:P ratio of marine organic
particulate matter is quite stable (Redfield et at.
1963). HOwever, organic C:N ratio exhibits
higher values for hmckish water'in the Baltic
Sea i.e., molar ratio varies between 7-10
(HendriJcson 1975, lturiaga 1979. Shaffer
1987). The Gulf of Riga sedimenIS exhibit
very strong linear correlation (R:~ -0.97)
between organic C and N, which is almost
independent of water depth, depth below
seafloor, carbon content, sediment
characteristics, and location (Fig. 3. paper 1).
The average molar organic 0.N ratio is 10,2,
and it is consistent with those in similar
sediment regions [e.g.• Balzer 1984; Froelich
et al. 1988; Koop et al. 1990). The average

organic C:N ratio in sediments is slightly higher
than the average ratio of living organisms in the
Baltic Sea (7-10), and suggests preferential N
decomposition and/or admixture of old organic
maner,

In contrast to the strong linear correlation
between organic C and N. the organic C:P and N:P
ratios exhibit weak correlation. This suggests that
organic P is practically independent of the
concentrations of organic C and N. The average
organic C:N:P ratio is 230;22.5: 1. This elemental
ratio suggests that 1\ and P are decomposed
preferentially to C, and P is decomposed preferably
to N. The average organic C:P ratio is between 228
and 236. This ratio is quite similar with the ratio of
organic C:P-l25 reported by Balzer (t 9&4) from
Kiel Bight. However, organic C:P ratio from our
study considerably differs from the average CP
ratios (490, 552 and 1200) reported by Mach et al.
(1987), lngall and Van Cappellen (1990) and De
Lange (1992), respectively. The settling time in
shallow sub-estuaries of the Baltic Sea is short
compared to more pelagic systems. As a result,
degradation of organic material is less complete in
shallow basins compared to more pelagic basins
prior to settling.

Most of the C and N in sediments are
organically bound. In contrast, inorganic P is
usually the dominant fraction, and constitutes more
than 50 % of the total P pool, Generally the vertical
distribution of apatite phosphorus (AP-P) is quite
even. In contrast, the redox-controlled fraction i.e.,
mobile phosphorus (MOB-P) exhibits high
concentration in uppermost oxic centimeter with
subsequent sharp decrease deeper in sediment
column. The high linear correlation (R~.96)
between total inorganic P and MOB-P (Fig. 7,
paper I) indicates that sequestering mechanisms
other than redox dependent adsorption is kinetically
slow and unimportant during early diagenesis.
However, on long time scales it seems that
sequestering to other than redox dependent P-
compounds are diagenetically more important,

Increase in nutrient levels in the Baltic Sea
due to enhanced loading from drainage basin leads
to eutrophication (Larsson et al. 1995). However,
enhanced loading from drainage basins did not
increase accumulation of C and N in the Gulf of
Riga sediments. This is in contrast to recent study
in other regions of the Baltic Sea (Carman et al,
2000). One possible explanation might be the
dramatic increase of mean benthic biomass.
Gaumiga and Lagzdinsb (1995) indicated that the
mean benthic biomass increased from 36 g m'~
between 1946-51 to 208 g mol between 1984-8.5 in
the open part of the Gulf. This suggests D 6·fold
increase of nutrient recycling by biota dw:in.g that
period However, the biomass of macrozoobenthos
has decreased significantly since the eighties
(Cederwall eJ al. 2000). Therefore, in future, we
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may expect accumu.Iation of organic C and N
in sediments CO increase.

Wulff and Rah.m (1988) indicated that
decrease of Si coupled to increase of N and P
concenttations ill the water column during
~ indicates incre3.se of primary
production in the Baltic Sea. Because sinking
velocity for diatoms is high, cells reach the
bottom in an intact state. Fwthrrmore.
previous studies indicate that temperature and
salinity mostly regulates regeneration of BSi
and dissolved silica flux from sediments to the
overlying water column (e.g.., Werner 1977,
Wi/liDms and Crerar 1985. The long-term
hydrological study by Berzinsh (1995)
indicates that the temperature and salinity is
rather stable in the Gulf of Riga. Therefore, it
was expected to observe enhanced
accumulation of BSi in recent sediments.
However, as discussed in file second article,
increase in BSi concentrations only OCClUS in
~ sediments (Table 2. paper 2). The
expected larger conce.ntrations of BSi in BUb-
surface sedin:lentsare Dot observed most likely
because of bioturbation. However, it cannot be
excluded that the effect of Wcreased
sedimentation of diatoms may be lost due to
dilution by large amount of settling
allochthonous material Moreover, the cores
analyzed (5~10 em deep) may be too short to
see real baclcground vahies,

A weak correlation between aSi
concentration and distance from the main
mrtrient 6OW"Ct (e.g., river Daugava), and small
temporal and spatial variation in paIaIDeterS
affecting the dissoIutioo of BSi during
halmyrolysis (e.g... salinity, temperature)
suggest dlat 'the sorlical ~ of BSi
depcDd on sediment aeaunula:tion rates (paper
2). BSi concentrations vary inversely with
sedimentation rates because a large portiBD of
allochthooous material is added 00 the sinking
diatom cells near the coast. This is ronsistent
with conclusions by Conley et at (1986) for
sedimcnts in Lake M.ichigan., and by PanBn et
aI. (t992) for sediments in Indian Ocean.

A good correlation (Rl".Q.77) exists
between all measured coocentratiol!S of
organic C and BSi (Fig. 2, ~r 2), H()w~ver.
the ntios obtained from traositiaDletO'sloo and
from accumulation areas vuy ooasiderably
between and 'Within these groups. It iDdial:tes
that dissolntioo of BSi and degradation of
orgmic C are separate processes and have
cfiffcrcDI magnitudes. This is CODSislent with
studies by Martin et at {1991} and DeMasttr
e1al (J992).

The third article in this d.isse:rtatioo
estimates the spatW distribution and standard
deviatioD of organic C, N, aDd P in sediment
surface (0-2 em) by using the cokriging

method. The adV3J1tage of using the cokriging
interpolation technique is inclusion of covariables.
This gives a possl"bility to improve spatial
iaterpclatien estimates with additional available
information from different parameters, which are
easier and cheaper to measure.

Organic C. N, and P concentrations
indicate similar horizontal distribution patterns with
high concentrations in accumulation areas (Fig.
3(a); 4(a); 5{a), paper 3). It is possible that river
Daugava may came high sediment organic content
in the southeast of the Gulf. However, the direct
reason for most of concentration pattems in surface
sedimeDts is sediment type and thus sedimentation
conditions. The standard deviations for
roncc:ntration estimates (Fig. ~); 4(b); S(b), paper
3) are high because data are sparsely available, and
there are large ••.'3riations within the data.. In the
DUddle of the. basin. mean standard deviation is
lower mostly due to smaller variations in sediment
type.

VniatioDs of C. N. and P e:onantntioDs with
seASoll2lly ODdu_tiog factors (papen 4ud 5)

A large fraction of organic matter in
coastal aDd estuarine waters eventua1ly end up in
sediments. Rapid transfer of organic particles from
the water column to sediments may leave a
significant fraction of the nutrient pool as
metaboli2.:able organic compounds that are mbject
to further decomposition. RemiDeml:ization of these
organic compounds aod release of dissolved
nutrieuts inoo the water column is a major nutrient
recycling patbway in nearshore enviromnents and
can supply mote than 50 % of the n::q~ for
primary prodUCCIS (Zeitz.rchel 1980, Klump and
Martens 1987).

In sbaUow temperate systems deposition
of organic matter.a:nd rates of berJt:hi.c nutrient
regmeratioDandRlease can undergo a pronounced
seasonality due tel abcred.enviromnental conditions
(e.g., Smelacek J 980, Aller and Benninger 198 J).

The fourth and fifth articlc:s deal with
nutrieat profiles in sediJnenn; and their seasonal
variability .

Similar vertical profiles of TC aad 11"1'
were genen.Dy observed at both sites (G5 and TI)
in the smdy area. However, duriIlg autumn-spring
considerable di:fferences of TC and TN
eoncentrat:icms in 0-2 em between sites were
observed (Fig. 4, peper 4). Most likely, this was
caused by diffaenccs in abmu:lmcc of
mac:rozoofauDa between the sites (Table I, paper
4). Mon:ovet, establishing of stronger vertical
gradient of TC and TN concentrations in 0-2 em in
May at site G5 and disruption ofvertical gradXnt in
N ovember :It site T3 (Fig. 5 and 6) com:sponded to

7
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fluctuation in amphipod numbers reported by
Cedecwal1 and Jermakovs (1999).

Monthly sedimentation rates in the
Gulf of Riga are absent. Therefore, it is
impossible to correlate sediment nutrient
concentrations with sedimentation rates.
However, it can be assumed that significantly
higher TN values during April and November
at site T3 (Fig. 6. paper 4) result from settling
of spring and autumn blooms, respectively.
This is consistent with the findings of
Smetacek (1980), who indicated that spring
and autumn blooms in Baltic forms and
deposits in March-April and October-
November, respectively. However, only
alterations of TN at one sampling site are
significant while altera.tioDs of concentrations
ofTC at both sites and TN at second site were
small and not significant, The sediment
accumulation rates art fairly high in the Gulf
of Riga (Larsen 1995). This implies deposition
of large amount of allocbthooous material,
which most likely diminish the signal of bloom
sedimentation. However, we should also
consider lhe importwee of benthic
IWICI020ofauna.. which can lower spring and
autumn bloom deposition signal intensity by
redistributing material within the: upper 0-2
em,

In contrast to C and N concentrations,
P does not correlate with the sedimentation
pattern of pbytoplankton and bioturbation
intensity. The tempoml increase of inorganic P
at site G5 (Fig. 5. paper 5) resulted from
increase in MOB-P pool Einsele (1936)
indicated that abiotic binding of P by ferrous
complexes control redox-dependent P pools.
However, redox measurcmen1S (Fig. 4, paper
5) in the study area suggests that controlling
factors other than ferrous complexes are DJQI't:

important. It is possible that temporal
accumulation of MOB-P results from
accumulation of P by microorganisms, This
assumption is consistem with the recent
findings by Gachter and Meyer (1993), Kerrn-
Jespersen and Henze (1993), Van Veen et at.
(1993). These authors indicated that several
bacteria and protozoa have the capability to
accumulate omd store excess P as
polypbospbates under oxic conditions. The
microorganisms use polyphosphates during
metabolic processes if oxygen availability
decreases. Orthophosphate produced during
metabolism is released into the overlying water
column or pore-water.

There is evidence tba:t certain
fractions of P cycled by bacteria are
transformed into refractory organophosphorus
compounds (Gachta aNi Meyer 1993).
Presence of organophosphorus compounds
have been reported in several studies on

marine organic matter (lTlgoJl et al. 1990, 1993).
Thus, P cycling mediated by bacteria may increase
the burial efficiency of nonmetabolizahle P-rich
organic material. TIlls implies that oxic sediments
decrease the residence time for P in a basin while
reduced sediments increase it Therefore, the oxic
layer in surface sediments is important not only as a
short-term buffer zone for P, but also as a 'Zone for
P transformation.

The Gulf of Riga is a small basin
compared to the Baltic Sea. However, 8 high
variability of accumulation rates occur in the Gulf
of Riga (Larse1'l (995). Tbe accumulation rates and
intensity of bioturbation are major factors
controlling the redox conditions in surface
sediments. Accumulation rates define the amount
of materia I deposited at sediment surface. and
therefore, intensity of oxygen consumption by
microbiaUy mediated processes. Benthic
rnacrozoofanna also consumes oxygen. However,
surface sediment mixing by benthic ma.crozoofauna
enhances delivery rates of oxygen to the deeper
layers of surface sediments compared to delivery
rates of oxygen controlled by diffusion, Therefore,
areas with high sedimentation rates and low
bioturbation activity have low oxygen levels in
surface sediments" and are not expected to act as B

temporary trap for P. In contrast, areas wi1b low
accumulation rates and high abundance of
macrozoofauna can act as temporary traps for P.

Fluxes of inorganic N aud P (paper 6).

The sixttJ paper deals with experimental
fluxes of dissolved inorganic N and P. Nutrient
fluxes were measured after adding seston (sinking
plankton plus detritus) with the aim of simulating
sediment responses to organic matter deposition
between spring and autumn phytoplankton blooms.

Smetacek (1980) indicated that in the
Baltic Sea relatively intact cells of pelagic biota
may reach the sediments after spring and auwmn
blooms. In contrast, particles that settle during
winter consist mostly of resuspended material with
low nutritional VBJne, and particles tlJat settle
during summer consist mostly of amorphous
detritus (Smelacek 1980). The availability and
quality of food and temperature generally controls
the activity of benthic biota. These factors
ulti:rnatc::ly influence remineralization rates for
organic matter settled at the bottom, and subsequent
release of d.i.ssolved nutrients.

The ~n wutl.aded 10 both columas
with and without sediJnents, The fluxes measured
in cohmms without any sediments were assumed to
originate from sediment-water interface "sediment
surface". The fluxes measured in columns with
sediments were assumed to consist of both
"sediment surface" fluxes. and fluxes originating

8
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Abstract

The sediment biogeochemistry of C. N, P and biologic silica (BSi) plays an important role in
cycling of these elements in aquatic ecosystems. In shallow coastal and estuarine systems, water-sediment
nutrient dynamics can infhience biological processes (e.g., primary production) in overlying waters.

The objectives of this study are:
• characterize C. N, P and BSi geocbc:mi.stry of the surface sediments in the Gulf of Riga,
• estimate the spatial distribution, including net flux and sink. for organic C, N and P in the Gulf of

Riga,
• examine if there are any appropriate: bulk, regional and/or vertical relatioesbips between the

nutrients,
• examine if nutrient biogeochemistry in surface sediments nry as a response to naturally occurring

processes i.e., intensity of sedimemation and bioturbation, oxygen deficiency, variation of
tttnperature

Spatial awl vertical distribution reveals that organic C and N ratio is almost independent of sediment
characteristics and location, and exhibit a stable value down the &edim.ect C011:. Over 9() % of carbon and
nitrogen in sediments is organic. In contrast., organic p constitutes kss than 50 % of the total phosphorus pool.
The organic C:N:P ratio in sediments indicate that Nand P are decomposed preferentially to C, whereas P is
decomposed preferentially to N. The stable C:N ratio in sediments indicates that preferential N decomposition
occurs in water column and/or iInmedia.rely upon settling at sediment surface. Distribution pattern of BSi
suggests that accumularioc rate of sediments controls BSi CODCCn1r.It1on. Although nutrient loading from
drainage area increased drastically over the past 100 yean, vertical profiles of Co N and BSi show no variation in
element concentrations except in the top few ccnti:mems. A corresponding increase of benthic biomass most
likely results in low elemental accumulation in these sediments.

Although Gulf of Riga is one of the most productive areas in the Baltic Sea, seasonal alterations of C
and N levels were limited. However, during spring and autumn algae blooms total C and N concentrations
increased in the study area. Limited data suggests that burrowing amphipods directly impact the C and N
concentrations in the top 2-3 em of sediments. The vertical distribution of P is more dependent on oxygen
concentration, which is lugely controlled by bioturbation and sedimentation rates. Moreover, the results suggest
that bioturbation is largely responsible for temporal accumulation of inorganic P in surface sediments.

The low unidirectional fluxes of dissolved inorganic nitrogen (DIN) and dissolved inmganic
phosphorus (DIP) in early spring is consistent with low water leWpenltUI'c and poor nutritional quality of
c:xperimentally added materiaL The high water temperature and better nutritional quality of material added in
summer, compazativcly to winter, resulted in large DIN and DrP fluxes. MoR:OVO", flux experiments under low
oxygen conditions and pulse input of large quantities of settling seston suggest that sediment surface might
experience lack of oxygen despite availability of oxygen in the overlying water column.
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Introductlea

On geological time scales,
sedimentary processes in oceans playa criticaJ
role in distribution of C, N and P (e.g., Berner
es al. 1993, Kump 1993). On shorter time
scales, however. sediment biogeochemistry
plays 8 significant role in cycling of C, N and
P in shallow aquatic ecosystems e.g., lakes,
estuaries, coastal bays and seas, continental
shelves (Callender 19&2., Wulff es aJ. 1990,
Wollast 1993). Sediments can be II. temporary
source of some compounds, a terminal sink. for
others or an ioJerface of biogeochemical
transformations (e.g., Hallberg et al. 1972,
Blackburn and Henriksen 19&3). In man)'
cases the magnitude of these sediment-water
processes is sufficient to be a ~jor
component in calculating oxygen or nutncnt
(C. N and P) fluxes/sinks, and hence,
important in fonnllJating estuarine
JnllDagemeDt strategies.

The murient and oxygen dynamics of
surface sediments in shallow coastal and
estuarine systems can influence conditions in
overlying waters and sediments (e.g., Holm
1978, ZeitzsdleJ 1980, Nixon aNi Pilson
19&3). The dissolved nutrient fluxes from
sediments to the overlying water column may
fluctuate on a seasonal to annua.l basis as a
response to various factors e.g., settling of
organic detritus, effect of temperature on
microbial reactions (Klump ami MartolS 1989,
Scudlark and Church J989). In addition,
biogeochemical processes in sediments ~y be
coupled to the microbial degndatiOD. of
organic: matter deposited from the overlymg
water co Iumn..

Several eoviromnental £acton have
been mentioned to be of significance for
nutrient and oxygen dynamic in surface
sediments e.g., quantity and quality of organic
matter reaching the sediment surface
(WasslMM 19&4, Jemen et al. 1988), infaun.a.l
community characteristics (B/adbum and
HenriJcsen 1983), and chemical dw'lleteristic
of surficaJ sediments and overlying water
(Henriksen. and Kemp 1988). However, these
••"ariables are highly interactive and therefore,
it is alien difficult to identify cause and effect
relationships.

The loading of nu.trients into the
Baltic Sea bas increased four-fold in N and
eight-fold in P since 1900 (Lans07l ef al.
1985). However, calculations of overall
nutrient budgets (e.g.... Larsson et al: 1985,
Andersen 1986) indicate that N and P
concentrations in water do not increase at a
corresponding rare. The budget calculations
generally iSSUIDe that increased burial in

sediments results in this discrepancy (e.g .. Larsson
et al. 1985, Wulff et al. 1990). The burial ere, N, P
and other clements in sediments may reflect
changes in element loading and environmental
conditions that are on time scales from years to
millennia (Schneider er ai. 1m, Wollast 1992).
However, the scarcity of sediment data in budget
calculations calls for additional studies of
sedimentary processes.

Wulff and Stigebrandt (1989) discussed
that empirical studies of large-scale ecological
processes are a widely accepted approach in
limnology. The results from such empirical studies
are expected to be similar to those of marine
systems. However, in lakes it lS more
straightforward to determine the system boundaries
and transfer of energy and material what makes
Jake system studies easier comparing to marine
systems. Therefore, it is logical to focus on
companuively small marine basins such as the Gulf
of Riga to understand these biogeochemical
indications.

The present thesis is a SUIllID8IY of six
articles dealing with distribution and relationships
of DUtrients in surface sediments, and between
nutrient biogeochemistry and environmental
parameters.

Study area

The Gulf of Riga is III shallow and semi-
enclosed basin of the Baltic Sea, The total area and
volume for the Gulf of Riga are 19 000 Icm2 and
420 btr, respectively. The drainage area covers
136 000 bnJ and consists ofQuatt:mary, Devonian,
Cambrian deposits and (YurkovskU et aJ. 1993).
The maximum aDd mean depths are 62 and 20 ttl,

respectively. Continuous deposition of fine material
(mainly at 40-50 m depth) comprises about 28 % of
the total area. These accumulation bottoms are
mostly situated in the south and southwestern pans
of the Gulf of Riga (Juskevics et al. 1993). The
nortbc:m part of the Gulf of Riga (north of Ruhnu
Island) is dominated by transportation/erosion
bottoms (Raudsep e1 al. 1993) coesisting of sand
and pebbleslboulde:rs at the surface, and Wlderlying
stiff glaciAl day/clayey silt Similar lithology also
dominates in the southwestern part of the Gulf with
water depths shallower than 35 ttl.

Wa:ter exchange with the Baltic Sa occurs
at the north of Gulf through the Irbene and Muhu
Straits with sill depths of 35 m mel 5 m,
respectively. Freshwater runoff is mainly located to
fur. south/southeast of the Gulf and avenges at 36.2
kD? yr" (Laznik et al. 1999). The Gulf of Riga is
usually thermally stratified from ApnllMay through
SeptcmbcrJOctdber.. The location of the
thermoclioe is nomWly situated between 20 and 30
m. Consequently. fine-grained material, which

5
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settles on transportation bottoms beneath the
spring-summer thermocline, is resuspended in
autumn when thermal stratification breaks
down.

Results and discussion

Dimibution of nutrients and their
reJatlonsbips (Papers 1, 2 and 3).

Spatial and vertical distribution of
nutrients. and relationships among them are
important factors for assessing the impact of
sedimentary biogeochemieal processes on the
ecosystem. Such information is useful for
additional studies i.e., laboratory, statistical,
and model approaches of the response on the
distribution and composition within the
sediments during natural and anthropogenic
changes.

The first article deals with the
physical structure and carbon- and nutrient
geochemistry of sediments in the Gulf of Riga.
Loss on ignition (LOI) measurements, used in
this study, is frequently used to estimate
organic C concentrations in surface sediments.
Although LOI does not represent a well-
defined chemical parameter (i.e., heating
removes most of organic C, organic N, crystal
water, and volatile compounds), it gives a
fairly stable bulk avenge ratio of 3.0 between
LOI and organic C. In contrast, very weak
correlation is observed between LO! and
organic N. Previous studies indicate that LOl
correlates well with the water content (We) in
sediments (HlWmson and Jansson 1983).
Consistent with this, data from the Gulf of
Riga also exhibit a strong logarithmic
correlation (R~.96) between we and LOI
almost independently of sediment location and
burial depth (Fig. 2. paper 1). The largest
deviations from we and LOI correlation occur
at sites with glacial clay (i.e .• old sediments).

The C:N:P ratio of marine organic
particulate matter is quile~table (Redfield et al.
1%3). However, organic O;N ra.tio exhibits
higher values for brackish water in the Baltic
Sea i.e., molar ratio varies between 7-10
tHendrikson 1975, lturiaga 1979, Shaffer
1987). The Gulf of Riga sediments exhibit
very strong linear correlation (Rl -0.97)
between organic C and N, which is almost
independent of water depth. depth below
seafloor, carbon content, sediment
characteristics, and location (Fig. 3. paper 1).
The average molar organic c-.N ratio is 10.2,
and it is consistent with those in similar
sediment regions (e.g., Balzer 1984; Froelich
et al. 1988; Koop et aJ. 1990). 'The average

organic C:N ratio in sediments is slightly higher
than the average ratio of living organisms in the
Baltic Sea (7-10). and suggests preferential N
decomposition and/or admixture of old organic:
matter,

In contrast to the strong linear correlation
between organic C and N. the organic C:P and N:P
ratios exhibit weak correlation. This suggests that
organic P is practically independent of the
concentrations of organic C and N. The average
organic C:N:P ratio is 230:22.5;1. 'This elemental
ra.tio suggests that N and P arc decomposed
preferentially to C, and P is decomposed preferably
to N. The average organic C:P ratio is between 228
and 236. This ratio is quite similar with the ratio of
organic C:P- J 25 reported by Balzer (1984) from
Kiel Bight. However. organic C:P ratio from our
study considerably differs from the average C:P
ratios (490. 552 and 1200) reported by Mach et al.
(1987), lngall and Van Cappellen (1990) and De
Lange (1992), respectively. The settling time in
shallow sub-estuaries of the Baltic Sea is short
compared to more pelagic systems. As a result,
degradation of organic material is less complete in
shallow basins compared to more pelagic basins
prior to settling.

Most of the e and N in sediments are
organically bound. In contrast, inorganic P is
usually the dominant fraction. and constitutes more
than 50 % of the total P pool. Generally the vertical
distribution of apatite phosphorus (AP-P) is quite
even. In contrast. the redox-controlled fraction i.e.,
mobiJe phosphorus (MOB-P) exhibits high
concentration in uppermost oxic centimeter with
subsequent sharp decrease deeper in sediment
column. The high linear correlation (R'-==o.96)
between total inorganic P and MOB-P (Fig. 7,
paper I) indicates that sequestering mechanisms
other than redox dependent adsorption is kinetically
slow and unimportant during early diagenesis.
However, on long time scales it seems that
sequestering to other than redox dependent p.
compounds arc diagenetically more important,

Increase in nutrient levels in the Baltic Sea
due to enhanced loading from drainage basin leads
to eutrophication (WEan es al. 1985). However,
enhanced loading from drainage basins did not
increase accumulation of C and N in the Gulf of
Riga sediments. This is in contrast to recent study
in other regions of the Baltic Sea (Corman et 01.
2000). One possible explanation might be the
dramatic increase of mean benthic biomass.
Gaumiga and Lagzdinsh (1995) indicated thai the
mean benthic biomass increased from 36 g m'~
between 1946-51 to 208 g m" between 1984-85 in
the open part of the GulL This suggests a 6·fo\d
increase of nutrient recycling by biota during that
period. However, the biomass of macrozoobenthos
has decreased significantly since the eighties
(Cederwall et al. 2000). Therefore, in future. we
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may expect accumu.I.ation of organic C and N
in sediments 10 increase.

Wulff and Rahm (1988) indicated that
decrease of Si coupled to incn:asc of N and P
ccncentratioas in the water co\umn during
winter indicatJ:s inaease of primary
production in the Balrlc sea. Because sink:iJJg
velocity for diato'OlS is high,. ec::lls reach the
bottom in an intact state. Furthermore,
previous studies indicate that temperature and
salinity mostly regulates regeneration of BSi
and dissolved silica flux from sediments to the
overlying wattr colUDm (e.g, Werner 1977,
Williams tmd Crerar 1985. ~ long-term
hydrological study by Berzinsh ( 1995)
indicates that the temperature and salinity is
rather stable in the Gulf of Riga. Therefore, it
was expected to observe enhanced
accumulation of BSi in recent sediments.
However, as discussed in the second article,
increase in BSi eoncentnltions only 0CC1.Ini in
surface sediments (Table 2, paper 2). The
expected larger concentrations of BSi in sub-
surface sediments are Dot observed mos1likely
because of bioturbation. However, it cannot be
excluded that the effect of increased
sedimentation of diatoms may be lost due to
dilution by large amount of settling
allochthonous material. Moreover, the cores
analyzed (5-10 em deep) may be too short to
see real background value&.

A weak correlation between BS,
concentration and distance from the main
nut:ricnt source (e.g., river Daugava), and sman
temporal and spatial variation in patarneters
affecting the dissolution of BSi during
halmyrolysis (e.g., salinity, 1empeRlm"e)
suggest that the surfica.l coocenttations of BSi
depend on sedime:l1t a.cewnuJation rates (paper
2). BSi concenttBtioos vary i:uversely with
sedimentation rstes because a laIge portion of
allochthonous material is added to the sinking
diatom cells near the coast. This is CODSistmt
with conclusions by Conley et al, (1986) fOJ
sediments in Lake MicbigllD, and by Pattan et
al. (1992) for sediments in IndiBn Ocean.

A good correlation (Rz.o.77) exists
between all measured concezrtrations of
organic C and BSl (Fig. 2, paper 2). However.
the ratios obtained from transitiOnlcrosiOil md
from aCCWIllJ1ation areas wry coosiderably
between and within these groups. It indicates
that dissolution of BSi and degradation of
organic C are sepaJa-re processes and have
differmt magnitndes.. Tbii is consistent with
studies by Martin et al, (1991) and DcMsster
et aI. (1992).

The third article in this dissertation
estimates the spati:a1 distnbution and standard
deviation of organic C, N, aud P in sediment
surface (0-2 em) by using the cokriging

method. The advantage of using the eokriging
intezpolalion technique is inclusion of covariables..
This gives a possibility to improve spatial
interpolation estimates with additional available
infonna.lion from d.ifferent parameters, which are
easier and cheaper to measure.

Organic C, N, and P concentrations
indicate similar horizontal distribution patterns with
high concentrations in accumulation areas (Fig.
3(a); 4(a); 5(a), paper 3). It is possible that river
Daugava may cause high sediment organic content
in the southeast of the Gulf. However, the direct
reason for most of concentration pattc:ms in surface
sediments is sediment type and thns sedimentation
conditions. The standard deviations for
concentration estimates (Fig.. 3{b); -o» 5(b), paper
3) are high because data are sparsely available, and
there lIe large variations within the data. In the
middle of the basin. mean standard deviation is
lower mostly due to smaller variations in sediment
type.

Variatioos of C. N. and P tODUntratiODS with
season.aJly Ouclu.ating octors (papcn 4 aDd 5)

A large fraction of organic matter in
coastal and estuarine waters eventually end up in
sediments. Rapid tnmsfer of organic particles from
the water column to sediments may leave a
significant fraction of the nutrient pool as
metabolizable organic compounds that are subject
to furtbcr decomposition. Reminera:1i2ation of these
organic: campounds and release of dissolved
nutrients into the water column is a nm,jor nutrient
recyeling pathway in nearsb~ envircJmnems and
em sapply more than 50 % of 1b: requirements for
primary producers (ZeiJzscheJ J 980, Kbmtp tmd
Martms 1987).

In shallow ternpocrate sysrems deposition
of organic matter, and rates of benthic nutrient
regeneration and release can undergo a proaO\mccd
seasonality due to ahered enviroomental conditions
(e.g., Sm.etacek 1980, Aller and Bennirrget' 1991).

The fourth and fifth articles deal with
nlItrieut profiles in sediments md their seuonal
variability .

Simi] ill vertical profiles of TC and TN
were genc:nDy ob5erved at both sites (ill and T3)
in tho smdy ~ However, during automn-spring
considerable differences of TC and TN
concentrations in 0-2 em between sites were
observed (Fig. 4, paper 4). Most likely, this was
caused by ditfcrenccs in abondmcc: of
macrozoof3lma between the sites (Table I, paper
.•). Moreover:, establ.ishing of stronger vertical
gradient of TC and TN CODU'Iltrations in 0-2 em in
May at site G5 and disruption of vmical gradient in
November at site 1"3 (Fig. S and 6) coaesponded to
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fluctuation in ampbjpod numbers reported by
Cederwall and Jennakovs (1999).

Monthly sedimentation rates in the
Gulf of Riga are absent. Therefore, it is
impossible to correlate sediment nutrient
concentrations with sedimentation fates.
However, it can be assumed that significantly
higher TN values during Apnl and November
at site T3 (Fig. 6. paper 4) result from settling
of spring and autumn blooms, respectively,
This is consistent with the findings of
Smetaeek (1980), who indicated that spring
and autumn blooms in Baltic forms and
deposas in March-April and October-
November, respectively. However, only
alterations of m at one sampling site an:
significant while alterations of concentrations
of TC at both sites and TN at second site were
small and not significant, The sediment
accumulation rates are fairly high in the Gulf
of Riga (Larserr 1995). This implies deposition
of large amount of allochthonous material,
which most likely diminish the signal ofbloom
sedimentanon, However, we should also
consider the importance of benthic
macrozoofauna, which CJUl lower spring and
autumn bloom deposition signal intensity by
redistributing material within the upper 0-2
em.

In contrast to C and N concentrations,
P does not correlate with the sedimen:t3tion
pattern of phytoplankton and bioturbation
intensity. The temporal increase of inorganic P
at site 05 (Fig. 5. paper 5) resulted from
iocrca.se in MOB-P pool. Einsele (1936)
indicated that abiotic binding of P by ferrous
complexes CODtr01 redox-dependent P pools.
However, redox measurements (Fig. 4, paper
5) in the study area suggests that controlling
factors other than fCITOUS complexes are more
important. It is possible that te'lnpOnl
accumulation of MOB-P results from
8.CCtlDI111ationof P by microorganisms, This
assumption is coosisteot with the recent
findings by Gichter and Meyer (1993). Kerrn-
Jespersen and Henze (1993 ), Van Veen et al.
(1993). These authors aidicated thaI several
bacteria and protozoa have the capability ttl

aceWIlll1a~ and store excess P as
polypbospbates tmder oxic conditions. The
microorganisms use polyphospharcs during
metabolic processes if oxygen availability
decreases. Orthophosphate produced during
metabolism is released info the overlying water
column or pore-water.

There is evidence that certain
fractioILs of P cycled by bactmia are
transformed into refrsetory orgmlOphosphorus
compoonds (GliclJter and Meyer 1993).
Presence of organophosphorus compounds
have been reported in several studies on

marine organic matter (lngolJ et al. 1990. 1993).
Thus, P cycling mediated by bacteria may increase
the burial efficiency of ncnmetabolizshle P-ricb
organic material. This implies lhat oxic sediments
decrease the residence time fOT P in a basin while
reduced sediments increase 11. Therefore, the oxic
layer in surface sediments is important 001 only as a
snort-term buffer zone for P. but also as a zone for
P transformation,

The Gulf of Riga is a small basin
compared to the Baltic Sea. However, a high
variability of accumulation rates occur in the Gulf
of Riga (Larsen 1995). The accumulation rates and
mtalSity of bioturbation are major factors
controlling the redox conditions in surface
sediments. Accumulation rates define the amount
of material deposited at sediment surface, and
therefore. intensity of oxygen consumption by
microbially mediated processes. Benthic
rnacrozoofauna also COIlSUnle.& oxygen. However,
surface sediment mixing by benthic macrozoofauna
enhances delivery rates of oxygen to the deeper
layers of surface sediments compared to delivery
rates of oxygen controlled by diffus.ion. Therefore,
areas with high sedimentation rates and low
bioturbation activity have low oxygen levels in
surface sediments, and are not expected to act as a
tempor.uy trap for P. In contrast, areas with low
accumulation rates and high abundance of
macrozoofauna can act as temporary traps for P.

FIIJU5 of inorganic N and P (paper 6).

The sixth paper deals with experimental
fluxes of dissolved inorganic N and P. Nutrient
fluxes were measured after adding sestolJ (sinking
plankton plus detritus) with the aim of simulating
sediment responses to organic matter deposition
between spring and autwnn phytoplankton blooms,

Smetacek (1980) iDdicated that in the
Baltic Sea relatively intact cells of pelagic biota
may reach the: sediments after spring and autumn
blooms. In contrast, particles that settle during
winter consist mostly of resuspended material with
low nutritional value, and particles that settle
during summer consist mostly of amorphous
detritus (SmelQceJc 1980). The availability and
quality of food and temperature generally controls
!he activity of benthic biota. These factors
ultimately influence remineralization rates for
organic mattc:r settled at the bottom, and subsequent
release of dissolved nutrients.

The seston was added to both columns
with and without sediments. lbt fluxes measured
in columnswttboutiUlysedi:ments wl:te ~tned to
originate: from sediment-water interlace "sediment
surface". The fluxes measured in columns with
sediments were assumed to consist of both
"sediment surface" fluxes, and fluxes originating

8
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from deeper sediment Layers "sub-surface".
Subtracting the fluxes from columns without
sediments from fluxes measured in sediment
bearing columns resulted in fluxes, which
originate from deeper sediment layers "sub-
.-<:"_-"Swuu;;c •

The low temperature and nntritionally
poor seston added in March resulted in low
and unidirectional fluxes of measured
compounds (Fig 3, paper 6). No clear
correlation between amount of seston added
and fluxes was observed,

During SWDIl1ct. N-NOJ- fluxes
mostly were directed into the sediments and
P~PO~).. and N-~· fluxes out of sediments
(Fig. 4, paper 6). The highest fluxes were
observed in columns without sediments.
thereby indicating that organic matter
degradation most actively occurs at sediment
surface within freshly settled material. The
release of a.mmoni2 and phosphate from
"sediment surface" increased after oxygen
concentration decreased from 11 mgli to
4mgfl In contrast, "sub-surface sediment"
accumulates dissolved compounds afu:r
oxygen decreases. Most likely, release of large
quantities of dissolved nutrients from
"sediment surface" increase pore water
concentrations in "sub-surface" through
diffusion The increase of pore water
concentrancn, in tum, shifts adsorption
equilibrium and large amounts of dissolved
nutrients are adsorbed on particles.

As discussed in paper 5, redox-
dependent P concentration in sediments may
be controlled by biota. 1De release of
phosphate from "sub-surface" (Fig. 4. paper 6)
most likely, results from depletion of oxygen
in "sub-surface" by biota, five days after low
oxygen conditions arc: established. In contrast,
five days of low oxygen level in the overlying
water column did nol result in release of
ammonia from "sub-surface",

The early autumn experiment (Fig. 5,
paper 6) indicates large increase of phosphate
and ammonia fluxes after pulse additions of
seston. Similarly to summer experiment, tbe
"sub-surface" sediments accumulate part of
dissolved Dlltrients released from "sediment
surface", The fluxes shifted 10 low level in our
experimental system mach faster (48 h) than in
the experiment conducted by Conley and
Johnstone (1995). Conley and Johnstone
(1995) used intact phytoplankton cells in their
experiment. In contrast, we used seston (partly
degraded organic matter), which may have
changed the flux rates.
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Abstract

The distribution of different forms of carbon, nitrogen and phosphorus and standard physical sediment parameters
of the surface sediments of the Gulf of Riga. a shallow semi-enclosed brackish bay of the Baltic Sea, has hem
examined. Several measured parameters were highly correlated. This is valid almost irrespectively of differences in
depth below seafloor and sediment characteristics as well as location and extent of burial/diagenesis. Preferential
release of nitrogen (N) relative to carbon during organic matter decomposition seems to occur during halmyrolysis
and/or almost instantaneously upon settling at the sediment surface because the Cr.rJNorl ratio is uniform (10.1)
within all types of sediment. Preferential release of phosphorus (P) relative to both C and N also occurs and organic
matter decomposition appears independent of the amount of C and N. Inorganic C and N in sediments normally
constitute only a small proportion of the total C and N concentrations. The amount of inorganically bound nitrogen
depends to a great deal on the surface area of the adsorbing species and the clay mineral composition. Inorganic P
usually constitutes more than 50% of the total amounts of P, irrespective of physical and chemical differences between
samples. Concerning early diagenesis the amount of inorganic P is controlled mainly by the release/fixation on species
prone to oxidation/reduction reactions.

An estimate of the total amount of annually sequestered C, N and P in the accumulation sediments suggests 44,000,
5800 and 1100 too/year, respectively. For N and P this sequestering constitutes around 6% and 40% of the total
annual load.

1. Introduction represents a semi-enclosed basin and is a compara-
tively shallow region of the Baltic Sea. The maxi-
mum and mean depth are 62 and 20 m,
respectively. There are small areas subjected to
continuous deposition of fine material (around
28%). Water exchange with the Baltic proper
occurs mainly through the sound of lrbene
(Pastors, 1967). The main accumulation bottom
zone is at 40-50 m depth, but fine material
«0.01 mm) dominates normally at depths exceed-

The area of the Gulf of Riga (Fig. I) is 19,000
kml• Its drainage area covers 136,000 km2 and
consists of Quaternary, Devonian and Cambrian
sedimentary deposits (Yurkovskis et al., 1993).
The main river inputs are located in the southern
and eastern parts of the Gulf. The Gulf of Riga

• Corresponding author,

0025-3227j96jSI5.00 0 1996 Elsevier Science BY All rights reserved
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ing 27 m. Almost all of these accumulation bot-
toms are situated in tbe southern or southwestern
part (Emelyanov, 1988; Juskevics et al., 1993).
The northern parts of the gulf, north of Ruhnu
Island, are dominated by transportation/erosion
bottoms, with water depths less than 25 rn
(Emelyanov, 1988; Raudsep et al., 1993). These
bottoms are characterized by sand and pebbles at
the surface, with underlying stiff glacial clay/clayey
silt. Such sediments dominate also in the south-
western part of the gulf with water depths exceed-
ing 35 m. Above 35 m depths ferric concretions
occur frequently.

The Gulf of Riga usually is stratified thermally.
The location of the thermocline is normally situ-
ated between 20 and 30 m. Generally, the thermo-
cline lasts until September/October. Consequently,
fine material settled beneath the spring-summer
thermocline will be resuspended in the autumn
and transported to "true" accumulation bottoms,
From a lirnnological point of view the Gulf of
Riga can be classified as monomictic with holomic-
tic mixing (a continuous single mixing). After the
holomictic mixing in the autumn-winter, the entire
water mass stays saturated with oxygen until
summer when oxygen is partly depleted in the
deeper parts of the Gulf (Berzinsh et al., 1988,
Yurkovskis et aI., 1993).

The Gulf of Riga is one of the most eutrophic
areas of the Baltic Sea. The annual primary pro-
duction has been estimated to four million
tons/year in 1989. This is about 290 g C m - 2

yr-l (Andrushaitis et aI., 1992) or about twice as
much as an average for the entire Baltic proper
(Elrngren, 1989). The salinity varies between 4
and 70/00 (Yurkovskis et al., 1993). According to
Yurkovskis et a1.(1993) the Gulf is strongly limited
with respect to phosphorus although a substan-
tial release of phosphorus from the sediments
occurs in connection with spring-summer algal
blooms (Yurkovskis et aI., 1993; Aigars and
Andrushaitis, 1993).

The aim of the study was to characterize the
carbon- and nutrient geochemistry of the surface
sediments of the highly eutrophic and phosphorus
limited Gulf with respect to sequestering pattern
and capacity. We also wanted to examine if there
is any appropriate bulk. regional and/or vertical
relationshins between the analysed parameters.

Such relationships w111be useful tools for addi-
tional studies (laboratory, statistical and model
approaches) of the response on the distribution
and composition within the sediments during
anthropogenic and oceanographic changes.

2. Materials and metbods

Twenty-six soft to semi-soft bottom sediment
cores were sampled during summer 1991 and 1993
(Fig. 1 and Table 1) using a modified Kajak grav-
ity corer (Blomquist and Abrahamsson, 1985).
Samples from the surface 5 em where sliced in em
sections except at three stations (G 120, G5 and
T3) where they were sliced down to lO em below
sea floor. They where dried to constant weight at
80°C for determination of the water content (We
%) and ground to fine powders in an agate mortar.
Loss on ignition (LOI %) was measured by heating
sediment samples to 500°C for 2 h. Bulk density
is calculated by using the WC- and LOI content
and assuming an average inorganic sediment den-
sity of 2.6 g/cm3 (Akal, 1972). Bottom water
temperatures (in situ) were also measured
(Table I).

Sub-samples were taken for total C, Nand P
analyses and for different subfracticns of these
elements. Total carbon- (TOT-C) and nitrogen
(TOT-N) was measured on a Leco element ana-
lyzer with a precision of ±0.5%. Carbonate carbon
(IN-C) was determinated on oven ignited (50OCC)
samples in the same element analyzer (Hedges and
Stem, 1984). Organic carbon (ORG-C) was
obtained from difference between the total and
carbonate carbon values. In order to investigate
the significance of the ignition method for deterrni-
nation of carbonate carbon we also measured
organic carbon after pretreatment with I M HCl
(Hedges and Stem, 1984). The ignition method
and the acid method gave almost the same results
(±3%). Fixed nitrogen (FIX-N) was measured
essentially according to the method described by
Silva and Bremner (1966) and exchangeable nitro-
gen (EX-N) according to Mackin and Aller
(1984). Organic nitrogen (ORG-N) was obtained
from differences between the total and the sum of
FTX-N and EX-N. All wet extracts of N were
measured according to Parson et al. ( 1984). Total
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Table I
The sampling site coordinates in the Gulf of Riga and a brief sediment description

Station Position Depth Temp. Sediment description Sampling date
(Decca) (m) rC)

G1 N57°06'45M 27 2.2 sandy aleurite, light brown 19.06.91
E23°57'30· down to 2cm

02 N57°10'30" 40 2.1 aleuritic mud, light brown 19.06.91
E23°56'O" down to 1.5 em

G4 N57° 17'40" 42 3.2 mud, light brown 18.06.91
E23°50'5~r down to 6.5 em

G5 N57"n'18" 44 3 sandy-mud, light brown 17.06.91
E23°2S'30" down to 4.5 em

G6 N57°24'30" 44 1.9 mud, light brown 18.06.91
E23°45'45" down to 3em

G7 E57°26'30" 41 2 mud, light brown 18JJ6.91
E24"07'10'" down to 4.5 em

08 N57"3S'30" 44 3.1 mud, light brown 17.06.91
£23°18'30" down to 1.1 em

G9 N57°36'45" 54 2.1 mud, light brown 17.(J6.91
E23°37'0" down to 4em

G10a N57°42' 6" 28 12.1 fine sand (2.5 em) 30.07.93
E23"21' 6" on stiff clay

GlI N57"42'O- 41 1.8 mud, light brown down 18.06.91
E2355'0" down to 5 em

GI2 N57°45'20" 27 3.5 sandy aIeuritic mud 011 stiff clay 18.06.91
E24°09'15" light brown down to 1.5 em

014 N57"50'7" 50 1.9 mud, light brown 17.06.91
£23"28'0" down to 3.2 em

Gl4a NS7°46' 5- 42 2.5 muddy aleurite, 30.07.93
E23°44' 0" light brown down to 1.5 em

GIS N57°48'8" 32 1.7 sandy aleurite, light brown 18.06.91
£23°54'45" down to 3 em

016 N57"56'35" 34 4 sandy mud. light brown down 17.06.91
£22°46'15" to 2ero

G18 N58°11'45" 27 7.4 aleuritic sand 18.06.91
£23"24'30"

021 NS7°2S' 4" 36 2.6 fine sand (0.5 em) on 31.07.93
m°Q9' r muddy sand

021 N57°09' 75-38 2.6 mud, light brown down 31.07.93
E23°41' 78" t02cm

GUO :N57on' 0" 43 2.1 mud, light brown down 28.07.93
£23°55' if to 2em

1'2 N57° 14' 0" 35 4.2 aJeuritic mud on sandy mud, 28.07.93
24°06' 0" light brown down to 1.5 em

n N57"3O' O· 43 3.6 mud, light brown down 28.07.93
E24°06' 0" 102em

T5a N57°42' 0" 32 4.2 aJeuritic sand on stiff clay 29.07.93
£22"57' 4"

T6 N57"20' 0" 45 2.4 sandy aleurite, light brown 29.07.93
E23"2O'O" down to 1 em

phosphorus (TOT-P) and inorganic phosphorus sured according to Carman and Jonsson (1991)
(IN·P) was measured according to Froelich et al. without pretreatment with other chemicals. Apatite
(1988). Mobile phosphorus (MOB-P) was mea- phosphorus (AP·P) was obtained from the differ-
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ence between IN-P and MOB-P whereas the
amount of organic phosphorus (ORG-P) in the
sediment was obtained by the difference between
TOT-P and IN-P. All wet extracts of P were
measured using standard spectrophotometric tech-
nique (e.g. Murphy and Riley, 1962).

3. Results

According to the classification scheme by
Hakanson and Jansson (1983), 17 of the 26 sedi-
ment cores sampled could be characterized as
accumulation bottoms for continuous deposition
of fine material (i.e, <medium silt or 0.01 mm).
Of the remaining nine stations five could be charac-
terized as transportation bottoms (T6, G 1, 0 Ib,
GI5 and GIS) and the fest (T5a, G21, GI0a and
012) as intermediates between transportation- and
erosion bottoms. Sampling dates, depths and posi-
tions are shown in Table I, together with bottom
water temperatures and a brief sediment descrip-
tion. The measured and calculated physical and
chemical parameters are compiled in the Appendix.

3.1. Physical sediment parameters

The water content (We) and the loss on ignition
(LOI) (see the Appendix) varied from 90.3% to
23.8% and from 17.4% to 0.7%, respectively. The
major portion of the sediment samples had WC
values more than 70% and LOI values more than
10%. This preponderance is primarily due to the
sampling technique used (gravity core sampling)
that make sediment sampling difficult at bottoms
with high bulk density. The general trend of the
we and the LOI is that the values decrease with
increasing depth in the sediment column. However,
some stations with coarser sediment material
and/or with stiff glacial clay a few em down in the
sediment profile, displayed different patterns. They
had either decreasing values from the top level
down to 2-3 em succeeded by increasing contents
(GI, Gl b, Gl2, Gl8 and G2l, T6) or completely
inverse patterns, i.e, increasing contents with depth
(T5a). The bulk density ranges from 1.05 (e.g. G2,
09) to almost 1.9 at station T6.

61

3.2. Chemicalparameters

3.2.1. Carbon
The measured concentrations range of TOT-C,

IN-C and ORG-C are shown in Table 2 together
with average concentrations in the uppermost
section from both accwnulation- and trans-
portation/erosion bottoms. Expressed in % of dry
substance (% ds) the carbon content varied
between 6.49-0.23, 2.15-0.015 and 6.3-0.2 for
TOT-C, IN-C and ORG-C, respectively. The high-
est concentration of ORG-C was found in a tran-
sect north-northwest from the outflow of the river
Daugava at depths exceeding 35-40 m with sedi-
ment fractions <medium silt. The lowest concen-
tration of ORG-C is detected in sediments located
in shallow areas near the coast and in the region
north of Ruhnu Island. Both the highest and the
lowest amount of IN-e were found at transporta-
tion-erosion bottoms. In general the inorganic
carbon content increased downwards in the sed.i-
ment columns.

3.2.2. Nitrogen
The concentration ranges of TOT-N, EX-N,

FIX-N and ORG-N are compiled in Table 2.
Calculated average concentrations (from level
0-1 em) of these fractions are also shown in
Table 2. Normally most of the total nitrogen is
present in organic form. Inorganic nitrogen com-
prises normally around 10% only. However, at
organic-poor transportation-erosion bottoms the
percentage of inorganic nitrogen dominates (e.g.
GIOa, G21, T5a). Nevertheless, the inorganic
nitrogen usually is a minor part of the total amount
of nitrogen in the sediments of the Gulf of Riga.

3.2.3. Phosphorus
In contrast to carbon and nitrogen a large

amount of the phosphorus was sequestered as
inorganic phosphorus. It constituted between 45%
to almost 100%of the total amount. However, the
vertical variation in the sediment columns of the
inorganically bound phosphorus is great, mainly
depending on the large variations in MOB-P. The
concentration ranges of TOT-P, MOB-P, AP~P
and ORG-P are shown in Table 2 together with
the mean concentrations from the uppermost sec-
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Table 2
Concentration range (all levels included) of total- and sub fractions of carbon. nitrogen and phosphorus. The mean values are
calculated from the uppermost section from deposition bottoms (dcp-btm) and transportation-erosion bottoms (trp-btm). All values
are given in sanol/g ds

TOT-C ORG-C IN-C
Min-Max 192.5-5409 173.5-5267 12.39-1761
Mean (dep-btm) 4619 4449 157
Mean (trp-btm) 1792 1489 302

TOT-N ORG-N FIX-N EX·N
Min-Max 20.0-520.7 6.21-481 053-422 0.29-23.48
Mean (dep-btm) 449 409 31.7 7.9
Mean (trp-btm) 135 123 7.2 4.6

TOT·P ORG-P MOB-P AP-p
Min-Max 7.2-90.5 0.1-35.4 0.28-61.8 3.48-18.6
Mean (dep-bun) 63.4 17.4 36.8 92
Mean (trp-btm) 29.3 6.8 15.8 6.6

tion. In general, the amount of MOB-P decreased 100
with increasing burial depth whereas tbe amount
of AP·p oonnally was quite evenly distributed
vertically. As for nitrogen, the highest amount of
ORG-P was found at accumulation bottoms near
the outflow of the river Daugava.

4. Discussion

4.1. Water content, organic matter (LOl) and bulk
density

A strong linear relationship between the ratio
WC/porosity and bulk density is obvious because
the density of the mineral particles is practically
the same (-2.6) for all marine bottoms (Akal,
1972). It is also commonly observed that the
organic matter content (defined as LOI) is highly
correlated with the WC (HAkanson and Jansson,
1983).

Our data 00 the relationship between the LOI
and we do not diverge from the commonly
observed pattern mentioned above and they exhibit
a strong logarithmic relationship (R2 =0.96)
almost independent of other sediment characteris-
tics and depth in the sediment profile (Fig. 2). The
largest deviations occurred at stations with glacial
clay or coarse sediment material (i.e., old sediment
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with low quantities of organic matter and different
sedimentation conditions).

4.2. Loss on ignition versus organic carbon

Although LOI does not represent a well-defined
chemical parameter, it is often used as an approxi-
mate measurement of the organic content of sedi-
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ments and soils (Hakanson and Jansson, 1983).
Heating of the sediments (500°C) removes most
of the organic substances (C and N) but some
crystal water and volatile compounds will also
be vaporized. The percentage quotient of
LOIjORG-C varies between 2.04 and 15.3. The
lowest and highest ratios originate both from
stations with low organic contents, and especially
from levels exceeding 2 em depth of the profile.
Vertically the ratio increases at all stations, with
the steepest increase on stations with high bulk
density (see the Appendix). The average ratios,
excluding ratios exceeding four which originate
from levels deeper than 2 em at transportation/
erosion bottoms, are 2.77, 3.05, 3.12, 3.14 and 3.15
for level (inem) 0-1, 1-2, 2-3, 3--4 and 4-5,
respectively. The standard deviation of the
different levels decreases with increasing sediment
depth; 0.26, 0.24, 0.22, 0.20 and 0.18. The increas-
ing ratio with increasing depth in the sediment
profile indicates that there is a higher release of
crystal water and/or of volatile compounds (e.g.
diatoms) than in the surface part of the sediment
profile.

If we assume that the organic matter entering
the sea floor has a Redfield composition of
[(CH20)I06(NH3)16(H3P04)] the LOI/ORG-C
ratio would be 2.7. This is very close to the
measured average ratio for the uppermost section
(2.77). If we instead use the calculated average
CorJNorJP oraratio of the samples in present study
(230:22.5:1; see succeeding headings for interpreta-
tion and discussion) the ratio becomes 2.62, i.e. a
preferential N and P release. Both ratios are lower
than the measured bulk average ratio of 3.0.
However, the estimated ratio from the average
organic composition does not include loss of other
compounds that may be released during ignition.
Nevertheless, LOI measurements on the sediments
from the Gulf of Riga could be used as a good
estimate for the amount of organic carbon at
almost all kinds of bottoms.

43. Organic carbon and nutrient ratios

The Corg:Norll:Porc ratio of marine particulate
organic matter is quite consistent (Redfield et al.,
1963; Copin-Montegut and Copin-Montegut,

1983). The C:N:P ratio of 106:16:1 has since the
middle of this century been accepted to be the
average organic molar ratio (henceforth referred
to as Redfield ratio) in marine organic matter. The
molar composition in fresh water exhibits a more
variable composition (Heckey et al., 1993) with
both higher and lower ratios than Redfield.
Deviation from Redfield ratio seems also to be
normal for the brackish Baltic Sea where the
CorsfNorgratio mostly exhibits higher values, i.e.
between 7-10 instead of 6.625 (Hendrikson, 1975;
Iturriaga, 1979; Shaffer, 1987). The NorgfPerg ratio
is, on the other hand, commonly lower, between
12-14 (Sen-Gupta and KoroIeff, 1973), whereas
the ratio between carbon and phosphorus usually
has higher ratios than Redfield. Shaffer (1987)
suggests that the most likely or "best" average
value for this ratio in the Baltic Sea and adjacent
areas should be around 130.

In the interpretation of the Corg:Norg:Porsratio
in the sediments it should be remembered that the
sediments contain different aged (10 000-100 14C
years) allochtonous matter (precipitated humus,
particulate land-derived organic matter) with high
CjN ratios. However, measured ratios in sedi-
menting material and in the sediments are impor-
tant as a base for characterizing the organic matter
with respect to the degree of fractionation during
decomposition. Fractionation processes during
settling and during benthic degradation usually
increases the Corll!Norgand the Corg/Pora:as well
as the NorgfPorl' This is caused by a preferential
Nand P utilization (e.g. Froelich et aI., 1988).

4.4. The CorJNora correlation

As can be seen in Fig. 3 the CorJNorl ratio is
very stable. The ratio is almost independent of
water depth, depth below seafloor, carbon content,
sediment characteristics, location and extent of
diagenesis. Even the topmost section exhibits the
same ratio, which suggests that all fractionation
mainly occur prior to settling at the sediment
surface. Linear correlation analysis gives a very
high coefficient of determination (R2 =0.97) with
an average CorJNorg ratio of 10.2 (Fig. 3). This
ratio is slightly lower than the average ratio of
living organisms in the Baltic Sea. It indicates
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Fig. 3. Correlation between the concentration of ORG-e versus
ORG·N (r=O.99). The average molar CfN ratio is 10.2.

preferential N decomposition or admixture of old
organic matter. This ratio is consistent with those
in similar sediment regions (Mtiller, 1977; Balzer,
1984; Froelich et al., 1988; Koop et al., 1990). The
largest divergences from the "common" ratio
appear at transportation/erosion bottoms with
coarse material below 2 em, i.e. very old sediment
material.

4.5. The CorJPOTi correlation

Several studies have shown that preferential
fractionated decomposition of P in the organic
matter occur during halmyrolysis (Suess and
Muller, 1980; Krom and Berner, 1981; Jorgensen,
1983). This is mainly a result of preferential instant
autolytic release of easily bydrolysable P com-
pounds (e.g. Froelich et al., 1988). It has also been
argued that alteration in CorJP 01'1 wouJd occur
during diagenesis (Froelich et a!., 1988; Ingall and
Van Cappellen, 1990; De Lange, 1992b; Ingall
et al., 1993; Berner et al., 1993; Berner and Rao,
1994). However, both Mach et al. (1987) and
Ramirez and Rose (1992) challenged that dia-
genetic fractionated decomposition occurs. They
claim instead that the Co,,/PO!'iin sediments are

constant and that deviation found were results of
analytical defects, Reversed preferential release
could also be the case when only refractory Porg

species remain and during active P accumulation
of in situ biota (Balzer, 1984;Gachter et al., 1989;
Ingall and Van Cappellen, 1990; Ingall et al.,
1990), Furthermore, variations in sedimentation
rate seem to affect the preservation and burial
of Cora (Hartmann et al., 1976; 1989; Jahnke,
1990) while preservation of organic phosphorus
seems almost independent of sedimentation rate
(Froelich et al., 1982; Ingall and Van Cappellen,
1990). The significance of anoxic versus oxic envi-
ronment in the fractionation and preservation of
Cora has been discussed extensively during recent
years (e.g. Canfield, 1989, 1994; Jahnke, 1990;
Cowie and Hedges, 1992; Ingall et al., 1993;Aller,
1994; Cowie et al., 1995) while the corresponding
relevance for preservation of Porr;has only been
paid little attention (Ingall et al., 1993; Ingall and
Jahnke, 1994).

A poor linear correlation coefficient (Rz =0.58)
was obtained from the entire set of Cors against
Pora data from this investigation (which include
organic matter of very different age). This suggests,
even with analytical errors accounted for, that
diagenetic processes must affect the CorJP OTI ratio.
This is contradictory to the conclusion presented
by Ramirez and Rose ( 1992) but it is in accordance
with the results presented by Ingall and Van
Cappellen (1990) and De Lange (l992b). Ingall
and Van Cappellen (1990) concluded that diage-
netic processes must affect the CorafPora ratio,
because they receive totally different linear regres-
sion results by combining the results of linear
regression analysis on their data set (R1 =0.76)
with division of their samples in carbon
ricb-(COI"J>2mmol/g; R2=O.64) and carbon poor
sediments «2 mrnol/g Cor,; R2 =0.11). The slope
in their uneven weighting of samples, as in the
data presented by Mach et al. (1987), reflects
almost solely the samples with high amounts of
Corso The same division of our also uneven
weighted data reveals the same pattern with a very
low coefficient of determination (R2 =0.17) in
samples with more than 2% Cor-gand a coefficient
of determination of 0.53 for samples with a content
less than 2% Corg' The slope of the different lines
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is, however, almost identical (0.00424, 0.00429 and
0.0438 for all data, Corg > 2% and Corg <2%,
respectively). The line intercept crosses very close
10 the origin. The slope corresponds to an average
CorgfP ora ratio between 228and 236. It differs from
the average ratios obtained by Mach et al. (1987),
Ingall and Van Cappellen (1990) and De Lange
(1992b) i.e. 490, 552 and 1200, respectively.
However, the data are in close connection with
the investigation done by Balzer (1984) in Kiel
Bight in the southern Baltic proper. It seems, thus,
that the fractionation and preservation of carbon
and phosphorus in the Baltic Sea, at least in its
shallow sub-estuaries, differ from the general
pattern found in more pelagic marine environ-
ments. One probable explanation for the observed
pattern in our case could be that the settling time
for organic matter in the Gulf of Riga is short
compared to deep-sea sediments, so the fraction-
ated decomposition has not been completed to the
same degree when the organic matter finally settles
on the sediment surface. Furthermore, preferential
Corg utilization might also be discerned in the Gulf
of Riga sediments, since the highest and most
deviating Corg versus POTI values are traced in the
uppermost section of accumulation sediments
(Fig. 4). Further down in the profiles of these
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kinds of sediments the general trend is decreasing
Corg/rporg with increasing burial depth. These sta-
tions have a higher accumulation rate (Kuptzov
et aI., 1984) and consequently comparatively a
larger amount of recently settled organic matter.
Hence, instant autolytic preferential release of P
in the water column and at the sediment surface
supersedes preferential C (and N) decom position
funber down in the sediment column.

4.6. The NorifPorf, correlation

Since there are very small vanauons in the
Co'"B!/Norg ratio (see above) the Norf,/Porg ratio
follows, of coarse, almost the same pattern as the
CorlllP org ratio. Linear regression analysis gave an
average Noq~fP org of 22.5 which suggest preferential
P release from the degradating organic matter.

4.7. Inorganic carbon

The inorganic carbon, as determinated here, is
mostly carbonates. In general the sediments of the
Gulf of Riga contain less than 1% inorganic carbon
(see the Appendix). Such low amount is normal
also for the rest of the Baltic Sea (Emelyanov,
1988). This is due to that the brackish Baltic Sea
water usually is undersaturated thermodynami-
cally for most carbonates (Cannan and Rahm, in
prep.) so that abiotic and biotic carbonates dissolve
during settling. At accumulation bottoms in the
central part of the basin the amount of IN-C in
the topmost section gradualJy decreases with
increasing water depth. One plausible explanation
for decreasing IN·C concentrations •.with increasing
water depth could be that there is higher density
stratification in these parts of the Gulf with lower
degree of diapycnal mixing. This in combination
with substantial oxic/suboxic respiration preserves
an environment with pH close to 7 instead of 8
(e.g. Jahnke, 1990). Thus, settled abiotic and biotic
calcium carbonates will dissolve more easily due
to enhanced disequilibrium. Vertically in the sedi-
ment profiles a slight increases of the carbonate
content could be discerned. This could be a result
of authigenic precipitation of another carbonate
phase caused by raised levels of carbonate alkalin-
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ity in the sulfate reducing anoxic part of the
sediment protiJe.

4.8. Inorganic nitrogen

Several authors have reported that a substantial
part of the total amount of nitrogen in soils, rocks
and sediments is often inorganically bound (e.g.
Muller, 1977; Williams and Ferrel, 1991). It is
therefore not correct to use ORG-C{fOT-N ratios
as a base for characterization of the organic rna tter,
since this ratio does not reflect the chemical com-
position of the sedimentary organic matter. This
is also true for the Gulf of Riga sediments although
a substantial part of the total nitrogen is present
in organic forrn. Inorganic nitrogen is reported to
be adsorbed on minerogenic particles (preferably
on clay minerals) and organic matter in two
different ways (e.g. Rosenfeld, 1979), namely as
exchangeable ammonium (EX-N) and as fixed
ammonium (FIX-N). While EX-N is adsorbed
through an ion exchange reaction on the surface
of certain organic or mineral surfaces, FIX-N is
incorporated in the sediments through adsorption
within the clay structure and not easily replaced
by other cations. It has been predicted that soluble
ammonium, EX-N and FIX-N occur in a sort of
equilibrium with each other, both in soils
(Nommik, 1965) and in sediments (Rosenfeld,
1979). However, while the ion-exchange behaviour
of EX-N, in concentration intervals that are usu-
ally found in interstitial waters, could be explained
by a simple linear adsorption isotherm (Mackin
and Aller, 1984) it seems that FIX-N does not
entirely react in this way (Rosenfeld, 1979). Slow
reaction kinetics, clay mineral composition, potas-
sium content and prefixation before settling at the
sediment surface have been suggested to explain
the different behaviour between EX-N and FIX-N
(Hartmann et aI., 1976; Muller, 1977; Rosenfeld,
1979).

The unitless linear adsorption constant, K, for
ammonium is calculated from the relationship
expressed by Krom and Berner (1980):

(1)

where t/I =porosity (volume porewater/volume sed-
iment); P.=dry sediment density and K* is the

slope of the linear regression line of adsorbed vs
pore water concentration of ammonia. The unitless
adsorption isotherm is thus only dependent on
changes in the porosity. K* is dependent on sedi-
ment properties, such as grain size and shape of
particles but also on content and type of clay
minerals (MOller, 1977; Mackin and Aller, 1984).
Therefore, both K* and the adsorbed amount of
ammonium should generally increase with decreas-
ing grain size (increasing surface area of particles).

Since the sediment in the present study includes
a wide spectrum of grain sizes/porosities we have
divided the adsorbed amount of ammonium
(EX-N and FIX-N) by [(l-t/l)/t/Jl (volume of
sediment particles/volume of water; abbreviated in
Figs. 5 and 6 as VOL). This is an adjustment for
alteration in surface area of adsorbing sediment
particles. Figs. 5 and 6 display plots of these
calculated values versus the total amount of nitro-
gen. As can be seen both figures exhibit a positive
relationship between these variables (although with
different shape). Apparently additional sediment
properties (e.g. potassium content, clay mineral
amount/composition), kinetic aspects and prefixa-
tion may affect the concentration of both EX-N
and FIX-N. As an example MUller (1977) found
relatively high amounts of FIX-N in the southern
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Fig. 5. Estimated importance of mineral surface area on the
concentration of EX-N at the different sampling sites.
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Fig. 6. Estimated importance of mineral surface area on the
concentration of FIX-N at the different sampling sites.

Baltic proper, where the high capacity fixation clay
mineral illite dominates (Seibold et al., 1971). The
importance of illite for the fixation of ammonia
has also been established from other marine areas
and from freshwater environments (Muller, 1977;
Comans et al., 1989; De Lange, 19913). The lines
drawn in Figs. 5 and 6 represent the best fitted
lines of the data. For EX-N a fair linear correlation
is obtained (R2 =0.87) while the best fit for FIX-N
is represented by an exponential function
(R2 =0.80). The largest digression from calculated
regression lines for both EX-N and FIX-N is
found in the uppermost section of almost all
stations. Organic matter content versus clay min-
eral amount may explain the divergences
(Rosenfeld, 1979; Mackin and Aller, 1984). A
closer scrutiny of Fig. 6 reveals that some data
points in the lower concentration field of TOT-N
display distinctly higher FIX-NIl( 1-;)/4'] values.
These points are from levels beneath 3 em depth
at stations with course sediment material at the
top underlain by glacial clay (GlOa, T5A, G2l
and G12). This additionally confirms the impor-
tance of mineral composition for the fixation of
inorganic nitrogen.
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4.9. Inorganic phosphorus

As can be seen in Fig. 7 there is a high linear
correlation (R2 =0.96) between the total amount
of inorganic phosphorus and the amount of
MOB-P, almost independently of sediment charac-
teristics and redox condition. The high linear corre-
lation between IN-P and MOB-P is an apparent
indication on that sequestering mechanisms other
than adsorption on compounds prone to reduction
are kinetically slow and unimportant, concerning
early diagenesis, for the inorganic phosphorus
cycle in the Gulf. However, since lower amounts
of AP-p than the calculated average value almost
always arise from samples in the uppermost section
from sediments located in the deep central part of
the Gulf (young sediments) and higher values often
originate from the bottommost level at stations
with high bulk density (old sediments) it seems
that sequestering to other than redox dependant
compounds P-bearing elements are diagenetically
important in a longer diagenetic perspective.
Furthermore, the high amount of P, sequestered
to substances prone to reduction in the surficial
accumulating sediments of the Gulf of Riga will,
however, to a large extent be liberated during an
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increasing burial rate (in the reduced zone). The
liberated P in the reduced zone will then either be
sequestered as another P-bearing phase (Froelich
et a1., 1982; Ruttenberg and Berner, 1993) or be
transported upwards through the redox cline by
diffusion where it again can be reabsorbed to
ironoxyhydroxides (e.g. Shaffer, 1986). To varying
degrees, it will even be transported back into the
water mass.

4.10. Total annually sequestering amounts of
carbon and nutrients in the sediments of the Gulf of
Riga

Up to now, all measurements have been dis-
cussed in terms of amount/dry weight (mol/g ds).
A simple recalculation to amount/area (using cal-
culated bulk densities) is, however, necessary when
the objective is to estimate time related sequester-
ing versus released amount. Generally, it seems
that the normal coring length of 5 em is too short
to achieve a reliable measurement of the "final"
sequestering amount. This since both the organic
and inorganic amounts of all three elements do
not attain constant concentrations within this
depth below the sea floor. Based on a first inspec-
tion of samples for 210pb dating the TOT-C
content decreases from 1.0 to 0.0% dw (mostly
0.5% dw) from 5 to 25 ern below the seafloor but
is quite constant between 10 and 25 em below the
seafloor (on average a decrease of 0.1% dw). It
indicates that a further breakdown of the organic
matter and release/sequestering of inorganic
carbon and nutrient fractions will occur beneath
5 em but that most of the diagenetic processes
have been completed at 10em below the seafloor.
This is also seen in the analysis of the total amount
from station G120, G5 and T3 where the concen-
tration levels out markedly below 6 em in the
profiles.

Using 210Pb dating technique Kuptzov et aI.
( 1984) estimated the sedimentation rate in the
deep central muddy part (a station comparable
with 09 of this study) to be 2.2 ram/yr. The
corresponding value for the muddy southwestern
and southeastern part of the Gulf (comparable
with station G2 and 1'2, respectively) is little less
than one mm/year (covering the last 100 years).

This is comparable with the preliminary results of
recent determinations of accumulation rates (using
210Pb).Stations G5, G 120 and T3 (Fig. I) include
TOT-C, TOT-N and TOT-P measurements down
to 10 em and consist of sediments from approxi-
mately at least the last 50 years. As has been
pointed out earlier most of the organic matter
accessible to oxidation has already been processed
within this period. Further, both inorganic carbon
and nitrogen embrace only a minor part of the
total concentration and the diagenetic processes
affecting its release/sequestering with increasing
burial rate varies within less than 5% of the total
concentration. Therefore, its alteration could
almost be neglected for estimates of total annual
sequestering amounts. Finally, although the
amount of inorganic phosphorus usually comprises
50% or more of the total concentration its alter-
ation with increasing burial rate depend mainly on
release/sequestering on substances prone to
oxidation/reduction (seeprevious discussions). The
amount of IN-P below the redox boundary layer
is therefore nearly constant (see the Appendix).
Hence, by using an average total concentration/
area of C, N and P (from levels beneath the redox
boundary from station 05, G 120, T3 and some
additional data from cores taken for 210Pbdating)
and assuming an average sedimentation rate of
1 mmjyr (consolidated sediment) one can make a
good assessment of the total annual sequestering
amount/area. For estimation of the total area of
accumulation bottoms we have used the sedimenta-
tion map produced by the Geological Survey of
Latvia (Juskevies et al., 1993; south of 58°N) and
Estonian Geological Survey (Raudsep et al., 1993;
north of 58°N). The sediments are divided in 10
different sediment classes (Table 3), of which three
could be assigned to be "true" accumulation bot-
toms for fine material (i.e. <0.01 mm.; medium
silts or sediment classes: sandy mud, aleuritic mud
and mud). Almost half of the total area of the
gulf is covered with sand of different grain sizes.
Accumulation bottoms cover only 28% of the
total area.

Calculated average total concentration of C, N
and P are 2950, 335 and 29 trnl0l/g., respectively.
The average sediment weight/m! (representing
1nun thickness) is estimated at 0.23 kg. Based on
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Table 3
Estimated areas of different sediment types of the Gulf of Riga

Sediment type Estimated area (km") Percent

Sand {various} 8330 44
Aleuritic sand 915 4.8
Muddy sand 470 2.5
Aleurite 840 4.4
Sandy aleu rite 55] 2.9
Muddy aleurite 744 3.9
Mud 3800 20
Sandy mud 160 0.8
Aleuritic mud 1330 7
Mixed sediments 1860 9.7

L 19,000 100

an estimate of the total amount of fine grained
sediment material deposited in the Gulf of Riga
the mean long term accumulation rate is estimated
at 0.285 kg m - 2 yr-1• This is in good agreement
with tbe estimate above. New 210Pb determinations
suggest that this estimate may be on the low side.
Based on 0.23 kg/m! we can calculate that 678, 77
and 6.7 rnmol/m! of C, Nand P are annually
sequestered at the bottoms in the accumulation
areas. Yurkovskis et al. (1993), based their esti-
mate on an average sequestering amount over the
entire Gulf area. Recalculation to the entire area
it becomes that 190,21.6 and 1.9 mmcl/m? are on
average sequestered in the Gulf sediments of C, N
and P, respectively. These values are lower than
Yurkovskis et al. (1993) estimate for both Nand
P (255 and 2.6 mrno1 for N and P, respectively).
For P it is comparable with what Wulff and
Stigebrandt (1989) estimated for the Bothnian Bay
(2 mmol/rn? yr), and only half of what they
estimated for the Baltic proper (4 mrnol/m? yr).
The explanation for the large differences between
our estimate and Yurkovskis et al. (1993) total net
sinks of N are most likely because our estimate
only considers sequestering of N in the sediment
while Yurkovskis et al. (1993) estimation embraces
the total net sink of N, i.e. sediment sequestering
and denitrification. They suppose that the net sink,
within the Gulf, is about 80% of the total load of
92,000 tonnes, i.e. 74,000 tonnes or 255 mmol/rn!
year. Our calculation reveals that about 6% (5700
tons) of this sink is due to sequestering of N in
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the sediment, mainly as organic nitrogen. The
remaining sink could thus be due to denitrification.

5. Summary and conclusions

The physical structure and carbon- and nutrient
geochemistry of the sediments of the Gulf of Riga,
Baltic Sea, have been examined. Several subfrac-
tions of carbon and nutrients have been analysed
in order to determine sequestering efficiency and
patterns but also how and to what extent these
elements regenerate and fractionate during burial.
Annual net sinks of C, Nand P in the sediments
have also been estimated.

A good correlation between the physical param-
eters WC and LOI are obtained almost irrespec-
tively of sediment location, -type and burial depth.

There is a very strong linear correlation between
the amount of organic carbon and organic nitro-
gen. The average Co1.fNor. ratio is 10.2. This ratio
is lower than the average ratio of living species in
the Baltic Sea area and thus implies a preferential
N release. The stable ratio indicates clearly that
the preferential N release occurs during halmyro-
lysis and/or almost instantly upon settling at the
sediment surface. Further diagenetic breakdown
of the organic matter proceeds thus by utilization
of C and N in 10.2 proportionality.

In contrast to the strong linear correlation
between Cor. and Nor. the Cor,{POfJ and N011/

Por. ratios exhibit weak correlation to each other.
This suggests that Pora is practically independent
of the concentration of COfJand Nora' A calculated
average organic C:N:P ratio is 230:22.5: I which
shows that both Nand P are preferentially decom-
posed compared to C but also that P is preferen-
tially fractioned compared to N.

While most of the carbon and nitrogen is organi-
cally bound, inorganic P is usually the dominant
p fraction. The amount of inorganic carbon seldom
exceeds 10% of the total carbon content, while
inorganic nitrogen normally ranges between
4-10%. For both C and N the highest inorganic
amount is measured at transport and erosion bot-
toms. Inorganic P usually constitutes more than
50%. The amount of AP-P is quite uniform irre-
spective of burial depth and other biogeochemical
factors. MOB-P on the other hand varies within a
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wide range. This is mainly dependant on alteration
in redox conditions and adsorption capacity. Thus,
at least with respect to early diagenesis, aU changes
in the total inorganic P pool determine of the
changes of MOB-P. This is evidenced by the strong
linear correlation between the total inorganic P
amount and MOB·P (Fig. 7).

The amount of inorganic nitrogen (FIX-N and
EX·N) depends to a great extent on the surface
area of adsorbing species, but also on factors such
as clay mineral composition, amount and
prefixation,

An annual net sink on the accumulation bottoms
of 678, 77 and 6.7 mmol/m! is estimated for C, N
and P, respectively. For N and P this comprises
about 9% and 40% of the total annual load
(Yurkovskis et al., 1993).

The high correlation between both the physical
and chemical measured parameters obtained in the
present study will facilitate exploitation of addi-
tional sediment data from the Gulf of Riga. For
example, the sediment carbon- and nutrient studies
performed by the Estonian Geological Survey and
the Latvian Geological Survey could be used, but
also other physical and chemistry data from other
studies with totally different aims, as long as they
at least contain data on, for instance, we and/or
LOr content. By certain calcuLations one can
receive good estimates of many selective carbon
and nutrient fractions with small errors compared
with analytically measured concentrations. This
will pave a way to improve the accuracy of future
nutrient transformation budgets and calculations
of distribution- and annual sequestering amounts
in the sediments. Proved strong correlations will
also make future sediment analysis less complex
since several tedious and time-consuming analyses
could be excluded and still preserve good accuracy.
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wide range. This is mainly dependant on alteration
in redox conditions and adsorption capacity. Thus,
at least with respect to early diagenesis, all changes
in the total inorganic P pool determine of the
changes of MOB-P. This is evidenced by the strong
linear correlation between the total inorganic P
amount and MOB-P (Fig. 7).

The amount of inorganic nitrogen (FIX-N and
EX-N) depends to a great extent on the surface
area of adsorbing species, but also on factors such
as clay mineral composition, amount and
prefixation.

An annual net sink on the accumulation bottoms
of 678, 77 and 6.7 mmol/m? is estimated for C, N
and P, respectively. For N and P this comprises
about 9% and 40% of the totaJ annual load
(Yurkovskis et al., (993).

The high correlation between both the physical
and chemical measured parameters obtained in the
present study will facilitate exploitation of addi-
tional sediment data from the Gulf of Riga. For
example, the sediment carbon- and nutrient studies
performed by the Estonian Geological Survey and
the Latvian Geological Survey could be used, but
also other physical and chemistry data from other
studies with totally different aims, as long as they
at least contain data 00, for instance, we and/or
LOI content. By certain calculations one can
receive good estimates of many selective carbon
and nutrient fractions with small errors compared
with analytically measured concentrations. This
will pave a way to improve the accuracy of future
nutrient transformation budgets and calculations
of distribution- and annual sequestering amounts
in the sediments- Proved strong correlations will
also make future sediment analysis less complex
since several tedious and time-consuming analyses
could be excluded and still preserve good accuracy.

Acknowledgment

We would like to express our gratitude to
Prof. R. Hallberg. Prof. 1. Rahm, Dr. N. Hohn
and Prof. F. Wulff for constructive comments.
This work was supported by the Swedish
Environmental Protection Agency, Nordic Council

of Ministers and Stockholm Marine Institute
(SMF).

References

Aigars, A and Andrushatis, J., 1993. Nutrient transport
through the water-sediment interface in the Gulf of Riga.
Baltic Sea. Latv, Zin. Akad. Yestis (La rvia II Sci. Acad. News.
Riga), 10(8): 73-78.

Alai, T., 1972. The relationship between the physical properties
or underwater sediments that affect bottom reflections. Mar.
Gee!., 13: 251-266.

Aller, R.C., 1994. Bioturbation and rem.ineraJisation or sedi-
mcnary organic matter. Effects of redox oscillation. Chern.
Geol., 114: 33] -345.

Andrushaitis, G., Andrushaitis, A., Bitenieks, Y., Priede, S. and
Lenshs, E, 1991. Organic carbon balance of the Gulf of
Riga. Proc, 17th COO Coaf., Norrk{\ping 1990, Swed,
Hydrol, Mercorol. Inst, Rep.

Balzer, W., 1984. Organic maner degradation and biogenic de-
melt cycling in a near shore sediment (Kid Bight). Umnol.
Oceanogr., 29: 1231-1146.

Berner, RA, Ruttenberg, K.C., lngall, ED. and Rao, l-L.
1993. The nature of phosphorus burial in modem marine
sediments. In: R.. WoUast et at (Editors), Interactions of C,
N, P and S Biogeochemical Cycles and Global Change.
NATO AS1 Ser., 14: 365-378.

Berner, R.A. and Rao, J.-L, 1994.Phosphorus in sediments of
the Amazon river and estuaty. Implications for the global
flux of phosphorus to the sea. Geochim, Cosnwcbim. Acta,
58; 2333-2339.

, Berzinsh, V,", Berg. P.G. and Vidnere, EL, 1988. Oxygen
regime of the Gulf of Riga and the factors determining it
(Rezhimoobrazuyschie faktory, gidrometeorologicbeskie I
gidrohimicheskie proeessi v moryach SSR). Gidrometeoiz-
dat, Leninggrad, pp. 269-281 (in Russian).

Blomquist, S. and Abrahamsson, B., 1985. An improved Kajak-
type gravity core sampler for soft bottom sediments
&hwei:z. z.. Hydrol., 47: 81-84.

Canfield, D.E .• 1989. Sulfate ~uctiOQ and oxic respiration in
marine sediments: Implications for organic carbon preserva-
lion in euxinic environments. Deep-Sea Res., 36: 111-138.

Canfield, D.E., 1994. Factors influencing organic carbon preser-
vation in marine sediments. Chem. GeoL, 114: 315-329.

Carman, R. and Jonsson, P., 1991.The distribution pattern of
different forms of phosphorus in some surficial sediment
types of the Baltic Sea. Chern. Geol., 90: 91-Hl6.

Carman, R. and Rahm, L. in pR'p. Early diagenesis and chemi·
cal characteristics of interstitial water and sediments in 1M
Ba11ir.proper deep deposition bottoms.

Comans, R.NJ., Middelburg. JJ., Zonderhuis, 1, Woiltie:z..
J.R.W., De Lange. GJ., Das, H.A.. and Van der Wcijden,
c.R., 1989. Mobilization of radiocaesium in pore water or
lake sediments. Nature. 339: 367-369.

Copin-Montegut, C. and Copin-Momegut, G., 1983. Stoiehi-



R. Carman er ai/Marine Geology 134 ( 1996) 57-76

ometry of carbon, nitrogen and phosphorus in marine partic-
ulate matter. Deep-Sea Res .. 30: 31--46.

Cowie, G.L. and Hedges, 1.1., 1992. The role of anoxia in
organic maner preservation in coastal sediments: relati ve sta-
bilities of the major biochemicals under oxic and anoxic
depositional conditions. Org. Geochem., 19: 219-234.

Cowie, G.L, Hedges, J.l., Prahl, F.G. and De Lange, GJ ..
1995. Elemental and major biochemical changes across an
oxidation front in a relict turbidite: An oxygen effect.
Geochim. Cosmochim. Acta, 59: 33--46.

De Lange, G.J., 1992a Distribution of exchangeable, fixed,
organic and total nitrogen in imbedded turbiditic/pelagic
sediments of the Madeira Abyssal Plain, eastern North
Atlantic. Mar. Geol., 109: 95-114.

De Lange, GJ., 1992b. Distribution of various extracted phos-
phorus compounds in the imbedded turbiditic/peJagic sedi-
ments of the Madeira Abyssal Plain, eastern North Atlantic.
Mar. GeoL, 109: 115-139.

Elmgren, R~ 1989. Man's impact on the ecosystem of the Baltic
Sea: Energy flows today and at the tum of the century.
Ambio, 18: 326-332.

Eme1yanov, E.M., 1988. Biogenic sedimentation in the Baltic
Sea and its consequences, In: B. Winterhalter (Editor), The
Baltic Sea. Geol, Surv, Finl, Spec. Pap., 6: 127-135.

Froelich, P.N., Bender, M.L, Luedtke. N.A., Heath, G.R. and
Devries, T.,1982. The marine phosphorus cycle. Am. J. Sci.,
282: 474-511.

Froelich, P.N., Arthur, MA, Burnett, w.e, Deakin, M., Hen-
sley, V., Jahnke, R., Kaul, L, Kim, K.·H., Roe, K., Soutar,
A.. and Vathakanon, C; ]988. Early diagenesis of organic
matter in Peru continental margin sediments: Phosphorite
precipitation. Mar. GeoL &0: 309-343.

Glicbter, R~ Meyer, J.S. and Mares, A., 1989. Contribution of
bacteria to release and fixation in lake sediments. Limnol,
Oceanogr., 33: 1542-1558.

HAkanson, L, and Jansson, M., 1983. Principles of Lake Sedi-
mentology. Springer, Berlin, 316 pp.

Hartmann, M.P., MOller, Pol., Suess, E. and Van der Weijden,
C.H., 1976. Chemistry of Late Quaternary sediments and
their interstitial waters from the N. W. African continental
margin. "Meteor" Forsehungergebn., C 24: 1-67.

Heekey, RE., Campbell, P. and Hendzel, L.L ..• 1993. The stoi-
chiomeuy of carbon, nitrogen and phosphorus in particulate
matter in Jakes and oceans. Limnol. Oceanogr., 38: 709-724.

Hedges, J.1. and Stern, J.H., 1984. Carbon and nitrogen deter-
minations of carbonate-containing solids. Limnol. Ocea-
nogr., 29: 657--663.

Hendriksen, P., 1975. Auf- und Abbauprozesse partikullirer
organischer Substanz anhand von Seston- und Sinkstoffana-
Iysen. Thesis. Uni v, Kiel, 160 pp.

Ingall, E.D. and Van Cappellen, P., 1990. Relation between
sedimentation rate and burial of organic phosphorus and
organic carbon in marine sediments. Geochim. Cosmocbim.
Acta, 54: 373-386.

Ingall, E,O .. Schroeder, P.A. and Berner, RA, 1990. The
nature of organic phosphorus in marine sediments: New

71

insights from JJp NMR. Geochim. Cosmocbim. Acta, 54:
2617-2620.

Ingall, E.D., Bustin, R.M. and Van Cappellen, P., 1993. Influ-
ence of water column anoxia on the burial and preservation
of carbon and phosphorus in marine shales. Geochim. Cos-
mochim. Acta, 57: 303-316.

lngall, D.E. and Jahnke, R., 1994. Evidence for enhanced phos-
phorus regeneration from marine sediments overlain by
oxygen depleted water. Gcochim. Cosmochim. Acta, 58:
2571-2575.

Iturriaga, R., 1979. Bacterial activity related to sedimenting
particulate organic matter. Mar. BioI., 55; 157-169.

Jergensen, B.a., 1983. Processes ar the sediment-water inter-
face. In: B. Bolin and R.B. Cook (Editors), The Major Bio-
chemical Cycles and their Interactions. Wiley, New York,
pp.477-515.

Jahnke, R.A., 1990. Early diagenesis and recycling of biogenic
debris at the seafloor, Santa Monica Basin, California.
J. Mar. Res., 48: 413~36.

Juskevies, V., Stiebri.Q.~,O. and Baraskovs, V" 1993. Upper
Pleistocene, Holocene Deposits and Bottom Sediments in the
Gulf of Riga. Geo!. Surv, Latvia, Riga.

Koop, K., Boynton, W.R., Wulff, F. and Cannan, R., 1990.
Sediment-water oxygen and nutrient exchanges along depth
gradient in the Baltic Sea. Mar. Ecol. Progr. Ser., 63: 65-77.

Krom, M.D. and Berner, RA., 1980. Adsorption of phosphate
in anoxic marine sediments. Limnol. Oceanogr., 25: 797-806.

Krom, M.D. and Berner, R...A., 1981. The diagenesis of phos-
phorus in a near shore marine sediment. Geochim. Cos-
mocbim. Acta, 45: 207-216.

KUPlZOV. V.M., Seld.ina, B.B. and Ivanova, T.R., 19&4. Rate
of sedimentation of sediments of the Baltic Sea. In; Lissizin
(Editor), Geological Hisrory and Geochemistry of the Baltic
Sea. Nauka, Moscow, pp. 11D-121 (in Russian).

Mach, D.L., Ramirez, A. and Holland, RD., J 987. Organic
phosphorus and carbon in marine sediments. Am. J. Sci.,
278: 429-441.

Mackin. J.E. and Aller, R.C., 1984. Ammonium adsorption in
marine sediments. Limnol. Oceanogr, 29: 250-257.

Murphy, I. and Riley, J.P., 1%2. A modified single solution
method for the determination of'phosphate in natural waters.
Anal. Chim. Acta, 27: 31-36.

MfilIer, PJ., 19n. C/N ratio in Pacific deep-sea sediments:
Effect of inorganic ammonium and organic nitrogen com-
pounds sorbed by clays. Geochim, Cosmochim. Acta, 41:
765-Tl6.

Nommik, H., 1965. Ammonium fixation and other reactions
involving a nonenzymaitic immobilization of mineral nitro-
gen 1 soil. Agronomy, 10: 200-260.

Parson, T.R., Maita, Y. and Lalli, C.M., 1984. A Manual of
Chemical and Biological Methods for Seawater Analysis.
Pergamon Press, Sidney.

Pastors, A., [967. Water and heat balance in the Gulf of Riga
(Mors.lcie zalivy kak priyornniki stochnykn vod ). Zinatne,
Riga, pp. 8-10 (in Russian).

Ramirez, A. and Rose, A.W., ]992. Analytical geochemistry of
organic phosphorus and its correlation with organic carbon



72 R. Cannan et aJ.fMarine Geology 134 ( 1996) 57-76

in marine and fluvial sediments and soils. Am. J. Sei., 292:
421-454.

Raudsep, J., Kask, J. and W.Iing, P., 1993. Distribution and
Lithological Composition of Modern (Holocene) Marine
Bottom Sediments in the Gulf of Riga (North of 58"N).
EstOD. Geo!. Surv., Tallin.

Redfield, «c; Ketchum. RH. and Richards, FA, 1963. The
influence of organisms on the composition of seawater. In:
M.N. Hill (Editor), The Sea. Wiley, New York, 2, pp. 26-77.

Rosenfeld, J.K., 1979. Ammonium adsorption in near shore
anoxic sediments. Limnol. Oceanogr., 24: 356-364.

Ruttenberg, K.C. and Berner, R.A., 1993. Authigenic apatite
formation and burial in sediments from non-upwelling coati-
nen tal margin environments. Geochim. Cosmochim, Acta,
57: 991-1007.

Sen-Gupta, R. and Koroleff, F., 1973. A quantitative study of
nutrient fractions and stoichiometric model of the Baltic.
Estuar. Coast. Mar. Sci., 1: 336-360.

Seibold, E., Exon, N., Hartman, M., K~gler, F.-C., Krumm,
H., Lutze, G.F., Newton, R.S. and Werner, F., 1971. Marine
geology of Kie1 Bay. In: G. Mllller (Editor), Sedimentology
of Parts of Central Europe. Int. Sedi.mentol. Congr., Heidel-
berg, Guidebook. 8, pp. 209-235.

Shaffer, G., 1986. Phosphate pumps and shuttles in the Black
Sea. Nature, 321: 515-517.

Shaffer, G., 1987. Redfield ratios, primary production, and
organic carbon burial in the Baltic Sea. Deep-Sea Res., 34:
769-784.

Silva. l.A. and Bremner, 1.M., 1966. Determination of isotope-
ratio analysis of different forms of nitrogen in soils. 5. Fixed
nitrogen. Soil Sci. Am. Proc., 30: 587-594.

Suess, E. and MO.1Ier, PJ_,1980. Productivity, sedimentation
rate and sedimentary organic matter in the Oceans II-Ele-
mental fractionation. In: Biogeochimie de la matiere organ-
ique a I'interface eau-sediment marin. Colloq. Int. Centre
Natl. Rech. Sci., 293: 17-26.

Williams, L.B. and Ferrel, R.E., 1991. Ammonium substitution
in illite during maturation of organic matter. Clay Clay
Miner., 39: 400-408. .

Wulff, F. and Stigebrandt, A, 1999. A time-dependent budget
model for nutrients in the Baltic Sea. Global Biogeocbem.
Cycles, 3: 63-78.

Yurkovskis, A., Wulff, F., Rahm, L .• Andrushaitis. A.. and
Rodrigues-Medina, M., 1993. A nutrient budget of Gulf of
Riga, Baltic Sea. Estuar, Coastal Shelf Sci., 37: 1B-127.



Appendix
1.1 Chemical- and physical properties oj sediments oj the Gulf of Riga. WC, B.D. and LOI are in % of total weight, gjcm3 and % of
dry matter, respectively. All chemical fractions are in JU1101jgoj dry substance
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The vertical and spatial concentration trends of biogenic silica (BSi) were investigated in a variety
of sediment types from the Gulf of Riga. These trends were compared with the concentration
of organic carbon to examine how variations in the mass sedimentation and the dissolution rate
of BSi versus bacterially mediated oxidation of organic matter affect the distribution of BSi
in different environments. The effects of important physical and biogeochemical factors on the
distribution of BSi have also been examined.

The concentration of BSi in the surface sediment at accumulation bottoms ranges between
0.8-1.5 mmol/g with an average concentration of 1.1 rnrnol/g. This is about two times the
concentration that has been reported in similar sediments in the open Baltic proper. Much
lower concentrations were measured in erosion and transitional areas; on average around 0.2
and 0.6 mmol/g, respectively.

A comparison between recent sedimentation rate measurements e1oPb) and concentrations
of BSi within different accumulation bottoms suggests an approximate inverse relationship with
each other. The importance of variation in the sedimentation rate on the surface BSi concentration
is supported by the fact that higher CorgIBSi ratios are found in periphery accumulation zones
close to transition areas (larger supply of carbon rich allochthonous material that dilutes settled
amounts of BSi) than at accumulation bottoms in the central part of the Gulf. The CorglBSi ratio
in the sediment is always lower than in living siliceous algae which shows that the microbial
degradation of organic carbon is always greater than the inorganic dissolution of BSi, irrespective
of the assemblage of siJica and non-silica species.

The general vertical concentration pattern at accumulation sites showed a decreased concen-
tration with increased depth down to 2-6 em below seafloor where the concentration gradually
equalizes. The concentration in the equalizing zone is on average about 20% lower than in
the uppermost centimeter. This implies that the main part of the BSi entering the accumula-
tion bottoms is permanently buried and that a great amount of silica already has been released
during halmyrolysis. The spatial and vertical BSi trends at sites in transitional and erosional
areas reflects prevailing sedimentation conditions with a low concentration in sections with a
dominance of sand and gravel (no deposition of fine material) and a higher concentration in the
sections containing stiff glacial clay (former accumulation area).

245



246 ROLF CARMAN AND JURIS AlGARS

The average annual burial amount of BSi in the Gulf has been estimated to be around 50
000 tons of which most is buried in accumulation bottoms outside the central muddy part of the
Gulf. The buried amount is about 60% of the annual river load of silica.

Keywords: Biogenic silica; sediment; Baltic Sea; Gulf of Riga

INTRODUCTION

Silic acid regeneration from biogenic silica (BSi) is supposed to be a major
pathway in the estuarine silicon cycle. Its dissolution rate is important in
regulating the geochemistry in natural waters and adjusting the productivity in
aquatic environments. Silic acid flux from the sediment to the overlaying
water is regulated primarily by changes in temperature and salinity (e.g.
Werner, 1977; Williams and Crerar, 1985) while variations of pH (Williams
et al., 1985), pressure (Fournier and Marshall, 1983) and oxygen condition
(Yamada and D'Elia, 1984) normally playa minor role in common marine
environments. However, it has been suggested that an increased dissolution of
silica occurs during transition from oxidized to reduced condition when silica
associated with ironflll) complexes are removed (Lewin, 1961). Although it
is established that all major salts in sea water and variations in tempera-
ture strongly catalyze the silica dissolution, it should also be mentioned that
Yamada and D'Elia (1984) have shown that the release rate accelerated very
rapidly between 10 and 20%0 salinity and temperatures above 15°C, but were.
less dependent beneath 15°C and on change in salinity in the low and high
ranges. Additionally, the silica solubility also depends on supply and host
sediment composition, specific surface area, and solubility of certain silica
polymorphs (e.g. Pattan et al., 1992; Tribble et al., 1995).

The surficial spatial distribution of BSi between different types of bottoms
is determined largely by the mass accumulation rate (MAR) and differences
in productivity of certain phytoplankton-based ecosystem, e.g. flagellates or
diatoms. During enhanced diagenesis variations of environmental factors such
as mineral composition, salinity and temperature may become increasingly
important in regards to the concentration of BSi found.

The purpose of this study was to depict the vertical and spatial distribution
of BSi and explore how physical and biogeochemical properties affect the
concentration of BSi in different sediment environments of the Gulf of Riga.

Study area

The Gulf of Riga (Figure 1) represents a semi-enclosed basin and is a
comparatively sballow region of the Baltic Sea. Its maximum and mean
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depths arc 62 and 20 m, respectively. The bottoms of the Gulf constitute
a mosaic of different bottom types with only about 3()tI, of its area containing
bottoms with continuous deposition of fiDe material (Eme1ymov, 1988; Ju!kevi
8d aI., 1993; R.audsep et al., 1993). 1be main river inputs arc located in the
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southeastern part of the Gulf (e.g. river Daugava). Water exchange with the
Baltic proper occurs via two shallow sills in the north and western part of
the Gulf (Pastors, 1967). The salinity varies between 4 and 7%0 (yurkovskis
et al. 1993).

The Gulf of Riga is one of the most eutrophic areas of the Baltic Sea.
The average sedimentation rate is about 290 g C m-2 yr-l or about twice
as much as an average for the entire Baltic proper. According to Yurkovskis
et ala (1993), the primary production, in contrast to the usually nitrogen limited
Baltic proper, is strongly limited with respect to phosphorus. However, it has
been suggested that during certain periods in the southern Baltic proper (Wulff
and Rahm, 1988) silica can not be excluded as a nutrient limiting agent for
selective primary producers.

METHODS

Sediment cores were collected from the research ships "Antonia" and
"Geofizikis" at a total of 23 sites in the summers of 1991 and 1993 (fable I
and Figure 1). We used a modified version of a Kajak gravity corer equipped
with an acrylic liner with an inside diameter of 80 mm (Blomquist and
Abrahamsson, 1985). The cores were sliced on board the ship in one em
slices down to 5 em, except at sites G5, G14a, G22, G120, T2 and T3
where the slicing depth was 10 em. Mer slicing, the sediment samples where
immediately put in a freezer. Measurements for the calculation of porosity
(Berner, 1971) were done by freeze-drying the samples. Extraction of BSi was
made according to the method originally described by DeMaster (1981) with
modification according to Conley and Newberry (1989). Dissolved silica was
measured calorimetrically according to the procedure described by Parsons
et al. (1984). Organic carbon concentrations were measured by using the acid
volatile procedure (Hedges and Stem, 1984). The loss on ignition (LOl, %
d.w.) was measured by heating the freeze dried sediment at 5000 C.

RESULTS AND DISCUSSION

Spatial Distribution of BSi

Of the 23 sampling cores examined (Figure 1 and Table I) 15 are sampled at
bottoms characterized as deposition bottoms for continuous accumulation of
fine material, i.e, sites G2, G4, G5, G6, G7, G8, G9, GIl, G14; G14a, G16,
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TABLE I The sampling site coordinates in the Gulf of Riga and a brief sediment description

Station Position Depth Temp. Sediment description Sampling date
(Decca) (m) (C)

Gl NS7° 06' 45" 27 2.2 sandy aleurite, light brown 19.06.91
E23°57'30/l down to 2 em

G2 NSr10'3011 40 2.1 aJeuritic mud, light brown 19.06.91
E230 S6'0" down to 1.S em

G4 NSr17'40" 42 3.2 mud, light brown down 18.06.91
E23°SO'SO/l to 6.5 em

G5 N5r23'18/1 44 3 sandy-mud, light brown down 17.06.91
E23°28'30/l to 4.5 em

G6 NSr24'30/l 44 1.9 mud, light brown down 18.06.91
E23°45'45/1 to 3 em

G7 £57°26'30" 41 2 mud, light brown down 18.06.91
E24 °07'1 0" to 4.5 em

G8 NST35'30" 44 3.1 mud, light brown down 17.06.91
E23°18'30" to 1.1 em

G9 N5r36'45/1 54 2.1 mud, light brown down 17.06.91
E23°37'O" to 4 em

GIOa NSr42'6/1 28 12.1 fine sand (2.5 em) on 30.07.93
E23°21'6/1 stiff clay

GIl N5r42'O" 41 1.8 mud, light brown down 18.06.91
£23 5S'O" to S em

Gl2 NSr45'20" 27 3.5 sandy aleuriteon stiff clay 18.06.91
£24°09'IS/I light brown down 1.5 em

G14 N57°S0'7/1 50 1.9 mud, light brown down 17.06.91
£13°28'0/1 to 3.2 em

G14a N57°46'5/1 42 2.S muddy aleurite, 30.07.93
E23°44'O" light brown down to 1.5 em

G15 N57°48'8" 32 1.7 sandy aleurite, light brown 18.06.91
£23°54' 45/1 down to 3 em

G16 NS7°56'35" 34 4 sandy mud, light brown down 17.06.91
£22°46/15/1 to 2 em

GI8 N58°11'45" 27 7.4 aleuritic sand 18.06.91
£23°24'30/1

G21 N5r28'4/1 36 2.6 fine sand (0.5 em) on 31.07.93
E23°09'7'~ muddy sand

G22 N57°09'75" 38 2.6 mud, light brown down 31.07.93
E23°41'78" to 2 CQl

GI20 N57°25'O'J 43 2.1 mud, light brown down 28.07.93
£23°55'0" to 2 em

T2 N5r14'O" 35 4.2 aleruiteic mud on sandy mud, 28.07.93
24°06'0" light brown down to 1.5 em

rs N57°30'0" 43 3.6 mud. light brown down 28.07.93
£24°06'0" to 2 em

T5a N5r42'O" 32 4.2 aleuritic sand on stiff clay 29.07.93
£22°57'4"

T6 NsT2O' 0" 45 2.4 sandy aleruite, light brown 29.07.93
E2302O'0" down to 1 em

G22, Gl20, 1'2, and 13. The other sites are sampJed at transitional bottoms
(Gl, G15, GI8 and T6) and erosion or nondepositional bottoms (GIOa, G12,
G21 and T5). The results and discussions regarding the spatial distribution of
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BSi originate from data from the uppermost level (i.e. 0-1 em below seafloor;
Table II) .

As expected, the surficial (0-1 em) sediments in depositional areas always
contain greater concentrations than in transitional and erosional areas. Thus, in
areas with infrequent or lack of sedimentation of fine material the concentration
of BSi is low (100-600 umol/g), The highest concentrations at accumulation
bottoms (with an upper limit of around 1.5 mmol/g) are found at sites in the
central muddy part of the Gulf (e.g. 06, 09, G120, GIl, G22). This may
be attributed to differences in sedimentation rates, productivity, halmyrolysis
or diagenesis between the different site locations. However, a weak correla-
tion between concentration of BSi, distance from the main nutrient source
(e.g. river Daugava), small variations of parameters affecting the dissolu-
tion of BSi during halmyrolysis (salinity, temperature, water depth etc.), and
surface sediment properties (mineral composition, oxygen condition, salinity
and temperature) between accumulation sites suggest that the MAR largely
determines the surficial concentration found at each site. -This conclusion
supports the fact that the two main environmental factors (salinity and temper-
ature) that affect the dissolution of BSi almost always exhibit values outside
the ranges where it has been shown to greatly alter its dissolution rate (Yamada
and D'Elia, 1984), i.e. the salinity and temperature seldom exceed 10%0 and
15°C, respectively. Furthermore, the measured CorglBSiratios within different
accumulation sites in the Gulf of Riga justify the importance of variation
in MAR on the concentration of BSi. This is because the highest CorglBSi
ratios (>3.8) are found at sites close to the outflow of river Daugava (e.g.
Gl, G4, G22, G120, TI) and at accumulation sites close to transition areas
in the northern part of the Gulf (GI4, G14a, G15) while the lowest «3.8)
are found at sites in the central part of the Gulf (G5, G6, G8 and G9). Thus,
accumulation bottoms adjacent to transition areas are supplied with a larger
amount of allochthonous and resuspended material diluting settled amount of
BSi. Additionally, recent sedimentation rate estimates CZ1oPb)from a variety
of sites in the Gulf of Riga (B. Larson, pers. com.) affirm that variations
in the sedimentation rate are of great importance for the surface concentra-
tion of BSi. This is because the distribution of BSi in surficial accumulation
sediments roughly appears to vary inversely with the estimated sedimentation
rate. The large significant differences in the MAR for the sediment surface
concentration of BSi has also been emphasized by Conley et al. (1986) and
Pattan et al. (1992). Conley et 01. (1986) suggest that the concentration of
BSi in the sediment of Lake Michigan varies inversely with the sedimentation
rate, mainly due to that enhanced portion of allochthonous material diluted
by diatom frustules in sites near the coast. This was also concluded by Pattan
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et al. (1992) to be the case in the Indian Ocean sediments even though the
authors also stressed the variations created in productivity and preservation of
siliceous tests.

Much lower CorglBSi ratios (Figure 2) are found in the topmost layer at sites
in transitional and erosion areas which suggests that dissimilarities between
the dissolution rate of BSi and the microbial breakdown of organic carbon are
of significance during enhanced diagenesis if the bulk settled material during
that time were not of completely different composition than found currently.

The average concentration of BSi found in present study (1.1 mmol/g or
3.1 % d.w.) is about two times higher than what is reported to be an average
value for the entire open Baltic Sea (Lisitzin, 1972; Emelyanov, 1988). This
is most likely caused by higher diatom production in the Gulf of Riga than
the average in the open Baltic Sea. Diversity in water depth between the Gulf
of Riga and the open Baltic proper could also partly explain the differences
since it is well known that the most labile part of BSi rapidly releases during
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halmyrolysis (Skjodal and Wassmann, 1986; DeMaster et al., 1992; Thunell
et al., 1994). The concentration of BSi in the Baltic region is in the lower
range compared to. other marine environments (DeMaster, 1981).

Vertical Concentration Trends of BSi

The vertical concentration trend of BSi at all accumulation bottom sites,
except site G14~ exhibits a sharp initial decrease (down to 2-6 em below
seafloor) followed by a leveling off of concentration (Table II). The uniform
concentration occurred closer to the sediment-water interface at accumulation
bottoms in the central muddy part of the Gulf (2- 3 cm below seafloor) than at
similar bottoms closer to transition areas. Thus, the differences between depth
below seafloor and observed uniform concentrations of BSi between different
accumulation bottom areas are most likely correlated to the MAR at each
site, i.e. eJapsed time between settling and final burial cootent is similar at all
kinds of accumulation bottoms. Site G14a represents an exception from the
general vertical pattern of BSi with almost an even concentration throughout
the sediment profile. This may be attributed to intense bioturbation in that
area. The vertical BSi concentration trends at transition bottoms exhibit an
initial decrease followed by an increase below 2-3 cm below seafloor (except
at site G15 where the concentration decreases with increasing depth below
seafloor throughout the profile). The vertical concentration trend of BSi at
erosion bottoms exhibits constant increasing concentration with increasing
depth below seafloor.

The observed main vertical concentration trends at sites from accumulation
areas reflect the kinetics of the diagenetic silica acid regeneration of deposited
BSi. It also suggests that permanent silica storage occurs somewhere between
2-6 em below seafloor or about 5-15 years after settling (according to recent
210Pb measurements). The decrease in the BSi concentration normally ranges
between 100-400 umol/g (on average about 200 mol/g or 20% of surface
concentration). Thus, it would appear the major parts of the BSi entering
the sediment surface are permanently buried. The vertical BSi trends at sites
in transitional and erosional areas reflect prevailing sedimentation conditions
with low concentrations in sections with dominance of sand and gravel (no
deposition of fine material) and higher concentrations in the sections containing
finer material such as stiff glacial clay (indicating a former accumulation area).

The general vertical trends of the CorglBSi ratio at all bottoms decrease with
increased burial depth. The decrease of the ratio is especially pronounced at
transition and erosion bottoms. The lowest ratios were found in the glacial
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TABLE II Vertical organic carbon (ORG-e; umol/g), biogenic silica (BSi; lJIDol/g) and loss on
ignition (LOI; % d..s.) figures from the different sites

Site Slice ORG-C BSi WI Size Slice ORG-C BSi LO]

Gl 1 2576 409 7,3 G9 1 4915 1318 17,0
2 878 227 2,8 2 3732 1142 14,6
3 2347 378 8,0 3 3455 1101 13,8
4 3127 506 10,7 4 3496 1140 13,5
5 2998 634 11,8 5 3306 1132 12,9

G2 1 5268 1366 17,4 G10a 1 484 129 1,7
2 3938 937 14,1 2 173 177 0,7
3 3465 896 13,4 3 204 509 1,8
4 3348 789 12,9 4 288 614 3,3
5 3290 778 12,0 5 348 537 5,8

G4 1 3999 1052 15,4 GIl 1 3774 991 13,6
2 3666 981 14,6 2 3288 886 12,3
3 3584 826 14,1 3 3190 851 11,9
4 3388 989 13,8 4 2992 761 11,2
5 3372 1008 13,4 5 2704 787 10,4

G5 1 3950 1346 14,7 G12 1 450 191 1,1
2 3422 1229 13,7 2 220 196 0,8
3 3250 1082 12,7 3 264 402 2,0
4 2809 1074 11,5 4 208 557 3,0
5 3142 1078 11,9 5 245 781 4,5
6 2796 1063 10,4 G14 1 5048 1278 17,0
7 2186 963 10,6 2 3434 1130 13,5
8 2078 954 10,6 3 3317 1072 13,0
9 2103 957 10,3 4 3162 1016 12,6

10 2133 1012 10,4 5 3166 1011 12,9
G6 1 4603 1352 16,1 Gl4a 1 3627 843 12,2

2 3460 1276 13,7 2 3388 853 11,3
3 3290 1218 13,3 3 3228 838 11,0
4 3343 1184 13,0 4 3095 851 11,0
5 3061 1174 12,5 5 3041 845 11,3

G7 1 4035 1083 14,0 6 3310 809 11,1
2 3542 1000 12,9 7 3351 864 11,2
3 3275 944 12,0 8 3313 868 11,0
4 3226 880 11,6 9 2777 809 10,5
5 2498 916 9,5 10 2068 630 8,9

G8 1 4911 1505 16,9 Gi5 1 2690 666 9,4
2 3998 1368 14,4 2 1878 464 7,3
3 3500 1290 13,4 3 1336 375 4,9
4 3426 1421 13,5 4 693 182 2,5
5 3172 1258 12,3 5 436 154 1,6

G16 1 3791 914 13,0 T2 1 4176 833 13,2
2 2784 855 10,7 2 3616 729 12,5
3 2868 813 10,7 3 3460 699 12,3
4 2688 801 10,6 4 3098 630 10,9
5 2466 761 10,0 5 2432 . 609 8,7

G18 1 987 257 3,6 6 2267 479 8,6
2 600 192 2,2 7 2454 502 8,5
3 502 181 1,9 8 2096 437 7,9
4 428 450 3,1 9 2004 436 7,5
5 293 634 4,5 10 1955 456 7,8
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TABLE n (Continued)

Site Slice ORG-C BSi LOI Site Slice ORG-C BSi LOI

G21 1 423 143 1,3 T3 1 4902 909 16,4
2 348 170 1,2 2 3498 827 15,0
3 489 267 2,2 3 3052 807 13,1
4 483 383 2,7 4 2918 705 12,2
5 514 359 3,0 5 2602 769 11,2

G22 1 4938 994 15,7 6 2575 699 10,1
2 3807 901 12,5 7 2203 748 9,7
3 3386 816 11,5 8 2083 743 9,7
4 3258 801 11,3 9 2135 762 9,8
5 3349 742 11,2 10 2014 685 9,3
6 3220 684 10,3 T5a 1 403 193 1,2
7 3146 763 10,6 2 423 403 1,7
8 3098 762 10,6 3 525 506 3,2
9 2746 686 9,9 4 678 500 4,0

10 2654 647 9,6 5 555 562 3,8
Gl20 1 4743 1047 16,1 T6 1 2121 646 6,1

2 4134 972 14,2 2 668 267 2,1
3 3581 940 13,1 3 231 105 0,9
4 3334 944 12,6 4 285 253 1,2
5 3226 944 12,8 5 227 301 1,7
6 3148 908 12,5
7 2984 932 12,0
8 2917 888 11,5
9 2884 862 11,3

10 2723 913 10,4

clay part at erosion bottoms (down to 0.3). It shows that the diagenetic micro-
bial degradation of the bulk organic carbon concentration (e.g. diatoms and
flagellates) proceeds faster and different from the dissolution of BSi, inde-
pendent of variations in the MAR and biogeochemical properties. Although
a relatively high coefficient of determination is obtained by comparing all
measured concentrations of Corg and BSi (Figure 2; R2 = 0.77), it could
clearly be seen that the ratios obtained from transition/erosion and from accu-
mulation areas vary considerable both between these three bottom categories
and also between sites located within accumulation areas (R2 = 0.32). It
thus confirms that the dissolution of BSi and degradation of Corg are separate
and of different magnitude, irrespective of bottom environment. Fractionated
separation, both during halmyrolysis and diagenesis, between BSi and organic
carbon has also been emphasized by Martin et al. (1991) and DeMaster et al.
(1992). Further, the obtained bulk sediment CorglBSi ratios are always lower
than the average in living diatoms (Le. 7.7, Brzezinski, 1985) which addition-
ally confirms that the breakdown of organic carbon proceeds faster than the
dissolution of BSi, irrespective of variation in productivity and sedimentation
rate between silicon and non-silicon carrying organisms.
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The differences between dissolution rate of BSi and microbial degradation
of organic carbon disallow one to be calculated form the other (Figure 2).
Irrespective of bottom type .and burial depth, a better coefficient of determi-
nation is obtained by comparing the concentration of BSi with the poorly
defined chemical quantity loss on ignition (LOn (R2 = 0.89; Figure 3). The
LOI content is normally used as a qualitative measure of the organic content
of the sediment, despite the well known fact that chemically bound water and
other void compounds normally evaporate to some extent during combustion.
However, even though LOI does not represent a well defined quantity, it is a
very commonly measured quantity in practically all kinds of sediment inves-
tigations (e.g. the large sediment investigations performed by Estonian and
Latvian Geological Survey; Juskevi s et aJ., 1993; Raudsep et al., 1993) and
could, thus, be used to estimate the concentration of BSi with precision. This
will pave the way for the use of old sediment data which lacks measurements
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of BSi, to improve the accuracy of future silica transformation budgets and
calculations of distribution and annual burial amounts of the sediments.

Estimation of Annual Sequestering of BSi

As has been mentioned earlier, silica acid regeneration and flux from the sedi-
ment is governed mainly by variations in chemical composition and temper-
ature of the solution. However, it has also been shown that the dissolution
rate of BSi with respect to salinity and temperature are only of major signif-
icance in salinity ranges between 10 and 20%0 and temperatures above 15°C
(Yamada and D'EIia, 1984). If this is also true for the Gulf of Riga, variations
in salinity and temperature between the different accumulation sites can be
neglected since they normally are below 10%0 and 15°C, respectively. Thus,
the only remaining diagenetic factor that may affect the dissolution of BSi
is when silica attached to ferric complexes releases simultaneously with the
dissolution of solid ferric complexes during redox shifts. However, as has been
stated earlier, BSi normally reaches uniform concentrations between 2-6 em
below seafloor, i.e. hardly ever above the transition zone between oxidized
and reduced conditions (Aigars, unpublished data). Therefore, based on the
general vertical concentration pattern with a uniform concentration somewhere
between 2-6 cm below seafloor, an estimate of total annual sequestering of
BSi can be made by calculating average amount (moles/area) of BSi from
levels beneath the redox boundary layer.

We have subdivided the accumulation bottoms in the Gulf into two different
categories. First, accumulation bottoms located in the central muddy part of
the Gulf with CorglBSiratios below 3.8 and with a uniform concentration
2-3 em below seafloor. Second, accumulation bottoms closer to transitional
areas with a higher sedimentation rate, with CorgfBSi ratios larger than 3.8
and with a uniform concentration deeper than 5 em depths below seafloor,
i.e. average concentrations are taken only from sites where the slicing depth
exceeds 5 ern (G14a, G22, 1'2 and TI). The sedimentation rate estimates
done by Kuptzov et al. (1984) suggest a sedimentation rate of 2.2 mm/year
(consolidated sediment) close to transitional areas and about one rum/year at
accumulation bottoms in the central part of the Gulf. These sedimentation rates
are comparable with recent estimates f10Pb). From these figures the average
sediment weightlm2 (using bulk densities; Richards et al. 1974) is estimated
at 0.65 and 0.23 kg for sediment adjacent to transition areas and accumulation
bottoms in the central part of the Gulf, respectively. Based on an estimate of
the total amount of fine grained sediment material deposited in the Gulf of
Riga the mean long term accumulation rate is estimated at 0.285 kg m-2 yr-l.
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This agrees with the estimate above but on the low side compared with recent
210Pb determinations. Nevertheless, based on a sedimentation rate of 0.65 and
0.23 kg m-2 yr-l and a mean final burial concentration of BSi of 650 and
900 umol g-l for accumulation bottoms close to areas with high resuspension
activity and accumulation bottoms in the central part of the Gulf, respectively,
we can calculate that 423 and 207 mmol m-2 on average are finally buried
in these two different types of accumulation environments. The total area of
accumulation bottoms covers about 30% (5700 km-2) of the total seafloor area
and approximately half of this area represents accumulation bottoms adjacent
to areas with high resuspension activity. Thus, the average total net sink of BSi
is 50 300 ton yr-1 of which the main part (67%) is buried outside the central
muddy part of the Gulf. It represents around 60% of the total annual average
runoff of silica (estimated from the figures given by Andrushaitis et al. (1995)
on average annual runoff values of water and silica). The remaining amount
should thus be exported to the Baltic proper.

CONCLUSIONS

The highest concentration of BSi is found at accumulation bottoms in the
central muddy part of the Gulf. The concentration at accumulation bottoms
seems to vary inversely with the measured MAR elOPb). Inverse depen-
dence between the MAR and the concentration of BSi agrees with lower
CorglBSi ratios measured in accumulation bottoms close to transition bottoms
supplied with comparatively larger amounts of allochthonous material that
dilute settled amounts of BSi. The vertical and spatial concentration trends at
transition and erosion bottoms reflect roughly prevailing sedimentation condi-
tions with low concentrations in areas with a dominance of sand and gravel. .

and higher concentrations in areas with A greater abundance of clay material
(former accumulation site). The relatively uniform temperature and salinity
between different accumulation bottom areas exclude to a large extent diage-
netic affected variations in silica acid regeneration from BSi.

The surface CorglBSi ratio is always lower than the average ratio in living
diatoms indicating that the microbial breakdown of organic carbon during
halmyrolysis and diagenesis are always faster than the inorganic dissolution
of BSi, irrespective of the ratio between phytoplankton-based communities.

Permanent burial of BSi seems to occur 2-6 em below seafloor or about
5-15 year after settling (according to recent MAR measurements). A decrease
in concentration of around 20% from surface down to the uniform concentra-
tions suggests that a dominant part of the sediment BSi is permanently buried.
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The average annual burial of BSi in the Gulf of Riga has been estimated
to be around 50 000 tons of which a dominant part IS buried in accumulation
bottoms outside the central muddy part of the Gulf.
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Basinwide mass budgets and models are important tools in coastal zone analysis. Sediments play an important role, as
storage, in the nutrient dynamics of these relatively shallow regions. Due to economic and practical reasons, sediment
sampling is often made rather sparsely and irregularly. Most interpolation methods are therefore not suitable, as they
demand a great deal of data sampled on a regular grid. Cokriging is a method that, at least in some part, overcomes these
drawbacks. From a monitoring point of view it is a favourable method, as it incorporates information from additional
variables, that may be more economical and more frequently sampled.

Estimates of spatial distribution and total amounts were carried Out for organic carbon, nitrogen and phosphorus in the
Gulf of Riga surficial sediments. Loss on ignition was included as a covariable. Using known deposition rates on the
accumulation bottoms, the mean sink values of these substances were estimated and compared with previous model
results. For this srudy, the resulting total amounts were I IDa 000, 129000 and 14 000 tons for carbon, nitrogen and
phosphorus, respectively. This leads to an annual accumulation of 5 g C m - 2. © 1998 AcademicPress Limned

Keywords: nutrients; cokriging; spatial distribution; surficial sediments; deposition

Introduction

Sediments are important in environmental studies of
the coastal zone. They act as sinks and sources for
both degraded/transformed organic matter and pol-
lutants. As an example, Shaffer and Ronner (1984)
showed that 80-90% of the denitrification process
(which is assumed to represent the major nitrogen
sink in the Baltic proper) originates from the sedi-
ments. Wulff et al. (1986) found that approximately
23% of the annual gross nitrogen assimilation in
the Baltic proper entered the sediments. Half of it
was denitrified and half was recycled. Only a minor
portion was sequestered.

In most monitoring programmes, sediment samples
are taken irregularly and sparsely over a chosen area,
often without a well-defined sampling strategy/design.
Sanden and Danielsson (1995) showed that the most
commonly used hydrographic stations in the Baltic
Sea cannot be seen as representative for their sub-
basin. Their investigation was concerned with the
conditions in the water mass, but the situation is
similar for the sediments, where the sampling gener-
ally is limited !O only a few bottom types,

Sediment sampling is usually restricted to soft (ac-
IcumulatiOn) bottoms, where it is possible to use some

I
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kind of gravity sampler. The use of grab samplers
allows sampling at other bottom types, but the vertical
resolution deteriorates. Transpon and erosion
bottoms (Hakansson & Jansson, 1983) are examples
of unders.ampled regions for measurement of reliable
vertical concentration profiles. Consequently, sam-
pling often results in a skewed picture of reality. It
would be helpful for monitoring programmes if ad-
ditional information could be embraced to improve
the estimates. By doing so, a more thorough picrure of
nutrient conditions can be obtained. These additional
variables are especially interesting if measured more
frequently in a spatial sense. Physical variables (e.g,
water depth), hydrographic observations (e.g. salinity)
or sediment characteristics (e.g. loss on ignition)
could all be included in the analysis. In addition to
having high sampling frequency, they are often closely
coupled to element concentrations in sediments, and
are significantly less expensive to obtain.

Most marine studies concerning modelling and
budget calculations are built upon sparse data sets.
Total amounts are estimated for entire basins using
the mean concentration from just a few stations
(e.g. Cannan & Wulff, 1989) or some son of inter-
polation routine, with no consideration taken to
spatial dependence (e.g. Wulff & Rahm, 1988).

':01998 Academic Pre-ss Limited
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Another common weakness in most interpolation
methods, with the exception of kriging, is the lack
of uncertainty calculations, making it difficult to judge
me value of the outcome. To overcome this problem,
an attempt to interpolate the concentration of organic
phosphorus in sediments using a geosratistical
method, cokriging, has been reponed by Danielsson
(1994).

The aims of this study are to estimate the surficial
spatial distribution and standard deviation for organic
carbon, nitrogen and phosphorus in the Gulf of Riga
sediments, and to calculate the net sink for each
respective substance. By combining these estimates
with existing nutrient budget calculations, ' new' in-
formation about processes involved is obtained. These
sinks are compared to previous estimates, based
on only a few observations. The real advantage of
cokriging, compared to other interpolation routines,
including other kriging techniques, is the inclusion of
covariables, This means that one may improve esti-
mates with additional information from variables that
are easier and cheaper to measure. \\'ben calculating
the total amount of each substance being accumulated
in the sediments, the entire concentration fields are
used instead of, as usually, only the mean concen-
tration of a few stations.

Gulf of Riga and data material

Physics and hydrogeochemistry of the Gulf

The Gulf of Riga is located on the eastern side of the
Baltic Sea (Figure 1). This basin is rather shallow
(area = 18000 km2

, volume=406 krn'), with a maxi-
mum and mean depth of 51 and 23 m, respectively.
The islands of Muhu Sound and Archipelago and the
large island of Saarema separate it from the Baltic
proper. There are two sounds, the northern Sound of
Muhu (mean depth of 5 m) and the southern Sound
of Irbene (ma..x.irnurndepth of 35 m and a mean width
of 30 krn). The water exchange is rather limited.
Petrov (1979) estimated the annual water exchange
to approximately 360 krrr', i.e. a residence time of
almost I year. This exchange occurs mainly through
the souhern sound and primarily during wintertime
(Pastors] 1967).

There is a large seasonal variation for most physical
and geochemical variables in the Gulf. During autumn
and winter the Gulf is well mixed and homohaline
(4-7), except at the Sound of lrbene and close to the
river mouths (Berzinsh, 1980). A residual circulation
exists, southwards along the West coast and north-
wards on the eastern side of the Gulf (Yurkovskis



et al., 1993). During summer there is a strong thermal
stratification, which later is mixed by the autumn
winds. Oxygen concentrations near the bottom in-
crease during winter and spring to decrease in sum-
mer. This is mainly an effect of the degradation of
deposited organic matter and a thermal control of
turbulent vertical mixing (Berzinsh, 1980).

According to the classification of Vollenweider
(1968), the Gulf is categorized as eutrophic. The
major inputs, to the Gulf, come from rivers, coastal
municipalities and diffuse sources, e.g. the atmos-
phere (Yurkovskis et al., 1993). The drainage covers
an area of 135700 km2

, where the major pan is
forested (38%) and only 0·1 % is classified as urban
areas (Sweitzer et a/., 1996). The two main rivers are
the Daugava and Lielupe. Grimvall et al. (1991)
calculated the total river load for 1989 to be 71 300
tons of inorganic nitrogen and 1850 tons of total
phosphorus. In the same year, the dominating point
source, the city of Riga (population of ~ 910000),
contributed with approximately 4600 tons of total
nitrogen and 690 tons of total phosphorus (Yurkovskis
et aI., 1993). The annual armospheric deposition is
about 16 000 tons of inorganic nitrogen and 300 tons
of organic phosphorus (Yurkovskis et al., 1993). The
nitrogen load (approximately 0·36 mol m - 2 year- I)
will be significant for this limited area. It may be
compared with the corresponding loads to the Baltic
Sea and Chesapeake Bay of 0·22 and 0·94 mol m - 2

year - I, respectively (Nixon et al., 1996). For phos-
phorus the load (5 mmol m - 2 year - I) is close to one
of the entire Baltic Sea (4 mmol m - 2 year- I), but
well below that of Chesapeake Bay (41 mmol m - 2

year- I).
The Gulf bas a high N:P ratio (20: 1 wintertime

and 50: I during productive seasons) suggesting phos-
phorus is the limiting nutrient for primary production.
Yurkovskis et al. (l993) also showed that the Gulfhas
a large internal sink (of sedimentation and denitrifica-
tion) for inorganic nitrogen, >75% of the total load.
They found hardly any deposition of total phos-
phorus, probably a result of export as particulate
matter to the Baltic proper. Together, the riverbom
and point loads of inorganic nitrogen to the Gulf
represents over 30% of the total load to the Baltic
proper (Rosenberg et al., 1990).

Dahlberg et al. (1995) set up a prediction model
concerning the turnover of phosphorus and nitrogen.
Their model showed that a reduction of phosphorus
input to the Gulf would result in an increased. net
export of nitrogen to the Baltic proper. This would
result in an increase of the Baltic eutrophication,
although the conditions in the Gulf would improve.
On the other hand, a moderate reduction in the
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FIGURE 2. The Gulf of Riga showing the positions of the
sampling Stations. (+) denote digitized Stations from maps
and (Ll.) the sampled stations. No samples in the northern
pan, as this area is Estonian territory.

nitrogen load would not change the conditions in the
Gulf significantly. This shows that a proper estimate
of the fate of nutrient loads to the Gulf is not only of
local interest, but also of regional importance.

Data

Thirty-one sediment cores were sampled in the sum-
mers of 1991 and 1993 by Larvian ships (Figure 2).
Twenty-six of these cores were divided into five layers
(0-1,1-2, ... , 4-'-5 em below sediment surface), while
the other five consisted only of one layer. In addition,
data from 386 locations with loss on ignition data was
available. These data were extracted from maps ob-
rained from the Nordic Council of Minister's project
, Gulf of Riga I. There is a lack of data in the northern
part of the Gulf as this is Estonian territory. In these
maps values were given for the top 2 em and therefore
this interval was chosen for the present study. Those
cores, with 1 em layers, were weighted to account for
the top 2 em, using weights considering the amount of
organic substance in me sediment for each of the two
layers.
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TABLE 1. Descriptive statistics

Variable SDMean/Median 71

29·79/41·71
3·1914·42
0·38/0'31
4·65/2'58

20·48
2·28
0'29
4'73

31
31
31

31 +386

Mean/median are given in mg g - I, except for Lol which is given in
percent, all of them dry weight.
" denotes the number of observations. Note that Lol includes the
31 stations as well as the 386 digitized. SD, standard deviation.

The inorganic concentrations of carbon, nitrogen
and phosphorus were estimated by standard methods
(Hedges & Stem, 1984; Mackin & Aller, 1984;
Froelich et al., 1988). Organic carbon (Corg)' nirrogen
(NOrg) and phosphorus (P O'l!') were calculated by dif-
ference to their total amounts (Hedges & Stem, 1984;
Froelich et al., 1988). The water content (WC) was
measured by drying the sediment at 80 ·C to constant
weight. 1..01 was measured after heating the sediment
samples to 500·C during 2 h. For a closer description
of the chemical analysis see Carman et al. (1996).
Descriptive statistics for each of the variables are
shown in Table 1.

Methods

Spatial inierpolaiion

Cokriging was used for spatial interpolation. It is an
interpolation method derived from kriging, which is
an optimal, in the sense of being a best linear unbiased
estimator, interpolation method (see e.g, Cressie,
1993). In cokriging, additional information from
other variables, so called covariables, are incorporated
into the analysis.

There are rwo situations when cokriging usually
provides better estimates than most other interpola-
tion methods-the undersampled and the isotropic
case. In the first case (Myers, 1982) the primary
variable is measured sparsely and additional, highly
correlated, data are sampled also at additional loca-
tions. By including these stations the area is spatially
bener covered and more information is gained. Iso-
tropic means that more than one variable is measured
at every spatial location. The latter situation is com-
mon in for example sediment samples, where more
than one variable is usually analysed for each core.
Yates and Warrick (1987) showed that if the corre-
lation coefficient between a primary variable and the
covariable exceeds 0·5 the inclusion of the covariable
is favourable, and cokriging performs berrer than
kriging.

The concentrations Z(5), can be described by the
model:

••
Z(s) = p + I bj(s)

i= 1
(1)

where S denotes the spatial location of the sample, IJ is
a vector containing the unknown large scale varia-
tions, hieS) denotes the small scale flucruation for
variable i and n is the number of observations. As seen
above, p is independent of s, i.e. the model does nor
account for any major spatial trends, so-called drifts.
Instead it assumes one overall concentration, except
for some smaller deviations dependent on the spatial
location.

The aim for cokriging is to estimatethe concen-
tration at some locations where no observations exist.
For this, a weighted linear estimator (Cressie, 1993) is
used:

M P

Z/(50) = L u.Zj(s) + I v.Zj(s) (2)
,1;= 1 I~ 1

with conditional weights

MI. ul:. = 1
k= 1

(3)

to make it unbiased, i.e. ordinary cokriging with two
non-biased constraints (Marcone, }991). Z, and Z, are
observed concentrations of variable i respective j. So

denotes a vector of geographical positions for the
estimates. u and v are the vectors of the kriging
weights for each respective variable.

According the regionalization theory, two observa-
tions are assumed to have less correlation if far from
each other than two closely positioned observations.
This means stations geographically close to the esti-
mation location should be given higher weights than
those further away (Cressie, 1993). To decide the
weights, cross-variogram functions are used. These
functions describe the spatial correlation structure
between different variables. The cross-variograms
(and variograms when i=j, i.e. the correlation struc-
rure within one variable) are calculated according to
(Cressie, 1993):

:>(lIhJ=·f 1'~}(~~± [Z!(sl:J"Th}-2~{3'~JI()~:](~".Lh),
~-~.,. ,~;~...•~

-Zj(sp)J (4)

where the h (called the lag) is the Euclidean distance
between two stations. N(h) is the total number of pairs
at lag h (see McBramey and Webster, 1986).



To each set of cross-variograms, calculated accord-
ing to Equation 4, a function was adopted, using
cross-validation (Hjorth, 1994). The function chosen,
was the one that best described the features of
the cross-variogram vs lag. A spherical function
(see Cressie (1993) for an overview of alternative
functions) was chosen as the most suitable for all
combinations,

v (h);j

{

o h=O
= Co+C~{(312)(hla)-(l/2)(h/a)3} O<h<a (5)

Co+C. h;?a

The nugget, Co,is the value of the function when the
lag approaches zero. This property is caused by either
measurement error or where small scale variations are
apparent at shorter distances than the shortest dis-
tance between measurement points. The parameter a,
called the range, is the lag where a correlation is no
longer apparent. The corresponding value on the
variogram, C•• is called the sill.

One of the greatest advantages of kriging as an
interpolation method, is that it provides a variance
estimate for each value. It can for example be used to
see where the estimates are rather uncertain and
thereby where extra sampling effort should be put.
The cokriging variances are calculated, according to
Marcone (1991):

~=a2 - diag[K~*r]

where r? is a vector containing the observation vari-
ances (one for each variable), ~ is a matrix consisting
of the covariances between the variables and r is the
cokriging weights matrix.

Cokriging does not account for trends. Median
polish (see e.g, Cressie, 1993) was used to examine
the material for drift and anisotropy, i.e. overall spatial
trend and spatial trends depending on direction. No
signs of any trend appeared in the present data set and
no further consideration was taken.

It should also be mentioned that the data used
are standardized. The reason for using standardized
data and then transforming them back to original scale
after cokriging, is that no variable should be given
higher influence just because it had much higher
coneentrations.

Total amoum calculations

Total amounts are often interesting information in
modelling as they serve as inputs or storages. Often,
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mean concentrations, for only a few stations, are
multiplied by the mean sediment weight and the total
area to ger the total amount. In this paper, the aim
was to use more of the information given when
estimating the total amounts to improve me accuracy
and resolution.

To achieve the total amount per area unit, the
concentration in each grid node obtained from the
cokriging procedure) was multiplied by the dry sedi-
ment weight at each spatial location. Then to estimate
the total amount these values are integrated over the
accumulation bottoms, There are two reasons for why
only this sediment type was used. First} the study
should be comparable with previous sediment studies,
where only accumulation sediments have been under
consideration. Secondly, the content is only deposited
on accumulation sediments, although looking at the
top 2 em does Dot give the true accumulation rate.

For each position, where the concentration is esti-
mated} the sediment weight is needed. This mass
content is calculated as bulk density minus water
content, Bulk density is the sediment-water mixture
weight per volume unit. According to Hakansson and
Jansson (1983), bulk density is parameterized by:

Bulk Density

(6)

260
(7)

100+ 1·6*(Water Content + Loss on Ignition)

Bulk density could not be calculated in the cokriging
locations, due to lack of water" content estimates.
Therefore, a relationship between bulk density and
organic carbon, which has been observed in different
environments (see e.g. Hakansson & Jansson, 1983)
was used. To estimate this relation, simple linear
regression was adopted, with the natural logarithm on
bulk density minus water content as the dependent
variable, and organic carbon as the independent one.
The regression equation was determined from the
31 sampled stations, where data on both bulk density
and organic carbon exists. The regression model, in
exponential forms:

(BulkDensity - Water Content x Water Density)

(8)

where A is the intercept, B the slope from the regres-
sion analysis and f. the random component.

Results

The results are divided into two pans: spatial distri-
butions of organic C, N and P; and calculation of
total amounts. The first gives a description of the
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TABLE 2. Pearson bivariate correlation coefficients

Variable N•••• Pora Lol

CorJ 0·99 0·88 0·98
No'l: 0·88 0·97
POTS 0'86

concentration and variance fields. The total amount,
for respective substance, is compared with previous
studies from the same area. They will probably givean
overestimation of the sequestering as it is based on
surficial sediments with only partly degraded organic
matter. With a calculated time span of 1-3 decades,
the degradation process will probably have reached
the final stages for only the deeper parts of the
investigated sediment layer. Using some additional
data from the deeper sediments, it was seen that the
concentration of carbon decreases about 35-50%
from the surface layer (0-2 em) to the bottom layer
(9-10 em). Nitrogen shows a similar behaviour. Phos-
phorus, on the other hand, shows a 50% lower con-
centration in the lower layer, but there bulk density
is higher, i.e. from 1·08gem - 3 in the surface layer
to 1·19 g em - 3 in the bottom layer. This means that
the total amounts become almost the same for both
layers.

Concentration fields

Cokriging was used for estimating the spatial distribu-
tion. To see if the covariabJe (1.01)was suitable (cor-
relation coefficient >0'5) the correlation coefficients
between the organic substances and the covariable
were calculated (Table 2). AI; seen, the correlation
between 1.01 and each of the three substances was
high and LoI was seen as an appropriate covariable.
For each substance the concentration was estimated
according to Equation 2, with 1.01as covariable:

M P

CorJ(so) = L u, eo1s(s) + L vJ 1..01(5)
t= I 1= 1

M I'
No•.•(so) == L Uk Nors(S) + L vj 1..o1(s) (9)

k=l 1=]

M I'
PO.., (so) == L u, Pors(S) + L v.Lolt s)

k=l 1= I

To determine the weights (Uj and tI) the cross-
variogram functions were estimated, using Equation
5. The characteristics of the various cross-variogram

TABLE 3. Cross-variogram functions after standardization

Nugget Sill Range
Variable (co) (c,.) (a)

Co'¥ 0 0·950 20 000
NOIll 0 0·951 35000
POtK 0 1·041 30000
1..01 0 1'050 15000
CorfLoI 0 0·4J3 30 000
NodJ-.oI 0 0·458 37000
Po,JLo1 a 0·359 35000

functions are presented in Table 3. It may seem
unrealistic to have nugget values of zero for all varia-
grams, but due to a lack ofdata, it was difficult to get
a good picture of the nugget effect-except for 1..01.
Therefore, the nugget was assumed to be zero. As
seen, the correlation lengths were rather similar for all
variables, although a bit lower for 1.01.

Estimates were calculated for each node in a grid
net (each square of size 10 000 m x 10 000 m) cover-
ing the Gulf. 'This grid size was decided according
to the results from the correlation lengths. Using a
larger grid would, i.e, larger than the range, give zero
weights for stations at longer distances. A smaller grid
would be more rime consuming without substantially
changing the concentration field and would probably
lead to a lack of stations for some estimates.

Using linear interpolation on the estimates, the
concentration field for the respective substances was
received [see Figures 3(a), 4(a) and 5(a»). The north-
ernmost parts of the Gulf are left out in the calcula-
tions, due to lack of observations. The southernmost
bottoms mainly consist of erosion bottoms with very
low concentrations. All three concentration fields
show similar patterns, with higher concentrations in a
belt of accumulation bottoms, The island of Ruhnu
and the erosion bottoms surrounding it cause the low
concentration in the middle of the basin. There is also
a possibility that the closeness of the river mouth of
Daugava may be the cause of high organic content in
the south-east .of the Gulf. However, the direct reason
for most of the patterns are due to the sediment type
and thus the sedimentation conditions.

Figures 3(b), 4(b) and 5(b) give the cokriging
standard deviations for the concentration estimates.
High standard deviation can be explained by both the
large variations within the data set and the sparse data
available. In the middle of the basin there is lower
than mean standard deviation. This is mostly due to
smaller variations in sediment type. This is favourable
for the next ste~e calculation of total amounts in
the accumulation bottoms.
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Tor.al amounts

The total amount for each of the three substances
was calculated according to the method previously
described. Linear regression analysis, (Q estimate the
sediment weight, resulted in:

(Bulk Density- Water Content x Water Density)

(10)

In Figure 6, the curve fitting is shown. The fitting was
successful, with an K-value of 0·97.

Spatial estimation of nutrient distribution 719

t ai

8

7

6

o

4

3

2

0

(b)

3.0

2.5

2.0

1.5

1.0

0.5

0.0

FIGURE 4. Map showing the spatial distribution of the
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When integrating over the area with accumulation
bottoms, the total amount in the upper 2 em for each
substance was established: organic carbon, 1 100 000
tons; organic nitrogen, 129000 tons; organic phos-
phorus, 14 000 tons.

Discussion

The outcome from this srudy was compared with
previous Studies concerning the nutrient situation in
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the Gulf of Riga, i.e. Yurkovskis er al. (1993) and
Cannan et al. (I996)-see Table 4.

To achieve an estimate of the annual deposition the
sediment rate was needed. Kuptzov er al. (1984)
estimates the average annual sedimentation rate in the
Gulf to 1-2 rom year- I. Their value represents COD-

solidated sediments (i.e. 7-10 em below seafloor) and
thus an assumed deposition velocity of 2 rom year - I

is, probably, an underestimate of the annual deposi-
tion rate. Further Perrrila et al. (1995) calculated a
sedimentation rate of 1·6 mm year - 1 in the surficial
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FIGUR£ 6. Organic carbon concentration !IS bulk density
minus water content.

TABLE 4. Comparison between storage estimates

Time!
sediment thickness

Carbon
(tons)

Nitrogen
(tons)

Phosphorus
(tons)

Sink 10 years"
Storage (2 ern)"
Our estimate (2 em)

5950000
860000

I 100000

680000
115000
129000

22000
14 000

"Yurkovskis et at. (1993), note thai it is based solely on the annual
inorganic nitrogen sink.
bCannan er al. (1996), based on average estimates of concentration
and sediment rate.

sediments of the Gulf of Finland. It was based on
budget estimated total phosphorus sedimentation and
dry matter content. Since the Gulf of Finland, in
several aspects, is similar to the Gulf of Riga their
estimates support the assumption of a sediment rate of
roughly 2 mm year - J. With this assumption, the
annual area-weighted estimates become 110000,
13000 and 1400 IOns for organic carbon, nitrogen
and phosphorus, respectively.

Cannan et at. (1996) report a net storage of
860 000, 115 000 and 22 000 tons for organic carbon,
nitrogen and phosphorus, respectively, in the upper
2 em of the Gulf (Table 4). Their estimates are based
on six stations on accumulation bottoms. The esti-
mates in this study, which are similar to those given
by Carman et al. (I996), are based on all available
nutrient data (31 stations) and a frequently measured
(386 stations) covariable, Lo1. This makes a substan-
tial improvement in marine system analysis as the
well-used concept of 'representative Stations' is
avoided. Also Yurkovskis a al. (1993) results are
compared with the present analysis in Table 4. They
report substantially higher annual net sinks of both
carbon and nitrogen (see Table 4), but their sinks also
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include processes like denitrification and export of
organic matter to the Baltic proper.

To broaden the outlook, a simple steady-state
model of the nutrient fluxes in the Gulf of Riga was
formed (see Figure 7). Elmgren (1984) estimated, for
the Gulf of Riga, the total annual primary production
and allochthonous supply to 170 gem - 2 year- J and
the gross deposition to 57 gem - 2 year - I. Together
with the net sink estimated by Yurkovskiset aL (l993)
of 31 gem - 2 year - I J based on a Redfield ratio (by
atoms) of C:N to 10·2:1, the present estimate of net
deposition in the sediments gives a recycled flux of
26 gem -2 year- I from the sediments. The perma-
nently buried part of the net deposition (present
estimate) mounts to 5 gem - 2 year - 1 [3% of the
total primary production given by Elmgren (1984)].
The rest (26 gem - 2 year - 1) is probably lost in the
degradation and recycling process.

In comparison, Wulff et al. (1986) claim the more
permanent storage in the Baltic proper upper sedi-
ments to be 3% of the total production for this area.
'Ibis storage is modest compared to the amounts
cycling in the water mass. Still, it is the only internal,
more permanent storage, representing a fifth of the
annual load. In Gulf of Riga, the present estimates of
annual amounts sequestered in the sediments com-
pared to their respective loads mount to 14 and
22% for nitrogen and phosphorus, respectively. The
present model is in all respects comparable to the
corresponding Baltic proper model by Wulff er al,
(1986).

To improve the estimates, additional sampling in
areas with high uncertainty would be helpful. That
would also pur the cross-variograrn functions (e.g. the
nugget effect) on firmer ground, which would be valu-
able in furore sampling programmes. A function de-
scribing the spatial correlation also indicates how close
the sampling needs to be; it may not be necessary to
take samples at short distances, as they will give equal
information. Vauclin et al. (1986); McBramey and
Webster (1983) aswell as Trangmar et al. (1986) have
shown that regular sampling, in a geometric scheme,
would be preferable in monitoring. Yfantis et al.
(1987) insist on a triangular grid net for best results.

To summarize, sediment data are often infrequently
spatially sampled and their spatial distribution is usu-
ally far from optimal with regard to bottom character-
istics. Evidently, the use of cokriging to get spatial
distributions is practical as it is based on information
about the sample characteristics and additional vari-
ables to improve the estimates. It also has the advan-
tage of giving a measure of the uncertain ry, something
that is still generally lacking in most marine studies.
The extensive agreement between the present toed
amount calculations and those previously reponed,
based on more conventional methods, corroborate
this conclusion. Furthermore, the distribution of vari-
ance over me sampling area is essential in any im-
provement of the sampling strategy. This leaves ample
scope for furore improvements of the monitoring
programmes and improvements of the geostatistical
methods used.
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The variations in concentrations of carbon and nitrogen in surface sediments of the Gulf of Riga were investigated
between December 1993 and January 1995. Tbe sediment samples were taken nine times during this period at two
sampling sites. One sampling site, 05. exhibited high abundance of burrowing amphipods, whereas at the second site,
D. the number of macrozoobenthit: organisms was comparatively small

Similar vertical profiles of mean sediment dry-weight concentrations of total carbon (TC) and total nitrogen (11';"')
were obtained at both sites G5 and n. Ho>;J,'CVe:r, during aummn-winter considerable diffc:n:uccs of TC and TN
concentrations in surface sediments (0-2 en) bdween sites were observed, This was probably the effect of differences in
the bioturbation level. During ~. when decline in numbers of amphipods were recorded. the vertical profiles of
TC aDd TN at site 05 were similar to those at site n.

Significant difIemll:es between months were detected for TN at site n rdlccting sedimentation of spring and au-
tumn blooms in April and late October-early November, respectively. This wasmpported also by lower atomic CIN
ratios in surface sediments during corresponding sampling events. ~ 2000 Elsevier Science Ltd. All rights reserved

bywords: Carbon: Ni~ Sediments; Baltic sea; Gulf of Riga

I. lntrodBdion

The fraction of the organic matter produced during
primary production reaching the sea bottom is generally
related to water-column depth and varies from IOt/. to
80% in coastal and estuarine sediments (Suess and
MiIlIcr, 1980; Suess. 1980). Subsequent remineralisation
of organic material in the sediments and release of dis-
solved nutrients into the overlying water column can
Sllpply a significant portion of the nutrient requirements

• Corresponding author. Tel.; +1-46--8-164-738;f:o;: +146-
8-614-7855.

E-mail address: roIL~.stUe: (R. Carmom).

for primary producers in shallow coastal areas (Zeitz-
schel, 1980; Klump and Martens, 1987). However. SQ1.

iments act not only as a source of nutrients but also as iii

sink.
The sedimentation rate and quality of organic matter

influence to different degrees the abundance of macro-
benthic organisms (CederwalJ and EImg:ren., 1980) and
microbial activity (Graf, 1987). and can change the
preservation of organic material in sediments due to
altered redox conditions (e.g., Jonsson ex al., 1990).

Many workers have examined the effects of organic
matter addition on the sediment nutrient n::cyding pro-
cesses (e.g., Garber, 1984; Banta, 1992; Caffrey et ••I..
1993).The previous studies indicated a wide range of the

0045-6S3SJOOJS . see front marla e 2000 ~vier Science LId. AD riihu reserved.
pn:S0045·653SlOO)OOI50-S
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half-life of added organic particles, most likely due JO

the different materials used for additions. For instance,
Garber (1934) used lyophilised algae culture and seston
whereas Enoksson (1993) used untreated algae culture,
and both estimated that the half-life of added particulate
phosphorus and nitrogen is approximately four weeks,
In contrast, Conley and Johnstone (1995) used additions
of freshly harvested algae cells and estimated that only
19% of added nitrogen and 15% of added phosphorus
was released ill inorganic form from the sediments
during the 27-day experiment. Thus, rerniaeralisarion
C3.D vary according 10 sediment type, temperature, and
quality and quantity of added material (e.g., Garber,
1984; Kelly and Nixon, 1984; Conley and Johnstone,
1995).

The phytoplankton blooms in the Bahic sea undergo
remarkable seasonality (Smetacek, 1980) and can form,
grow, and senesce in as little as 1-2 weeks (Smetacek et
at, 1978). The settling of phytoplankton blooms con-
siderably exceeds average sedlmemauon rates of the
phytoplankton growth period (Smetacek, 19W). There-
fort. the signal of bloom deposition in the sediments of
shallow and productive: areas can be expected.

The aim of this study was to deduce y,rbether nWr1ent
distribution in surface sediments reflects naturally oc-
curring succession of sedimeetatioa events. seasonal
changes in physico-chemical parameters of the overtying
water column, and intensity of bioturbation in the
shallow and eutrophicated Gulf of Riga.

2 Desttiptioa of the study site

Tbe Gulf of Riga is, compared with other sub-basins
of the Baltic sea, quite shallow with maximum and av-
erage depths of 62 and 20 m, respectively (Yurkovslcis ct
at. 1993). The water mass is normally mixed completely
once a year (during winter). A strong tbcrmodiDe de-
velops quitk1y after this mixing at around 30 m of depth
and lasts until the next complete mixing of the wate1
mass (Berzi.nsh. 1995).

The average annual primary production is 290 g C
m-1 yr-I, which is among lhe highest values in Baltic sea
(Wassmann and Andrushaitls, 1993).

Sediment bottoms with continuous deposition of fine
material «0.006 rom) arc situated 40-50 m deep. These
bottoms cover around 18% of the total area. of the Gulf
of Riga. (Carman et al., 1996). Generally. the surface
sediments are oxidised throughout lbe year and are,
therefore, normally exposed to a certain degree of bio-
turbation.

Based on previous investigations (Carman et al.,
1996). two sampling sites (05 and D) from two diffattlt
deposition bonom areas were chosen (Fig.. I). Site n,
which is located in tbe eastern part oftbe Gulf, is mainly
influc:nced by the: major rivers' input in the south and

Fig. l. Map sbowm, the sampling locations (G5 and n) in the
G:1.l1fof Riga.. The dqlth isolines or 30. 40 and SOm are marked,
respectiYdy.

southeast (Berzinsh, 1995). Site G5, on the other hand.
which is located in the southwestern part of the Gulf, is
strongly infiaeaeed by the s:ilioe water inflow from the
adjacent Baltic proper through the Sound of Irbene
(Beninsh, 1995). The Gulf of Riga is U$ua11ythennal1y
Stratified from AprillMay through ScptemberlOctober.
Acoording to echo-sounding recordings (not shown)
both sampling areas all: fairly flat Some general pa-
rameters regarding the sampling sites are surmnarised in
Table 1.

J. Materials md methocts

Sediment cores were: collected nine times from De-
cember 1993 to January 1995. Use of a global posi-
tioning system (Gps) system allowed repealed sampling
withm an area of 100 m:. Since remarkably homoge-
neous results were obtained in December 1993 (Fig.. 5),
when fow parallel cores were sampled, duplicate-tripli-
cate sediment cores for chemical analysis were collected
during the rest of sampling times, We used a mool1ied
Kajak gravity corer equipped with an acrylic liner with
an inside diameter of 80 mm (Blcmqvist and Abra-
hamsson, 1985) Sub-samples from the uppermost 10 em
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Table J
Po:;ilie>n and bri~fde.scripl.ionof So'lmplitlg sit~

Parameter Sites

T3 G5

NS'MO'O" N5"M.3'lg"
1:24006'0" E23°2S'3(j"

4} 44
89 87

2000 1000
(14) (6)
400-500 300-400

Position

Wal~ deptIJ (m)
Waler conieat (%)
in 0-1 em.

AccuroulatiQn rates"
Dry mailer (g m -z yr-'l)
(mm yr 1 (0-2 em)

Primary production
Ci C 1n~2)~

Dominating macrofauna
species annual ~
abundance (iad, m -!).

P. jernoralQ 40
MQr~ viridis 108

~Larsea (l995).
bWa5SOlllnIl and Andnl5hait1s (1993).
C CederwaD and Jermakovs ( 1999).

378
62

were sliced in centimetre sections, They were dried to a
constant weight at 800C and afterwards ground to a fiDe
powder in an agate mortar for future analysis.

Bottom-water temperatures wen: measured in situ
and the oxygen concentrations were measured by Win-
kJer titration (Parson el at, 1984). The redox potential

10

9

B •

7

U!. e
•!i
E I;

t ..
4

I-

:I ..
2

3

was also measured in siw by moving a platinum elec-
trode vertically through the additional sediment core.

Total carbon (TC) and total nitrogen (TN) wen:
measured using a Lew elemental analyser (the mean
standard deviation (S.D.) of standard substances anal-
ysed through the whole sample measurement period
constitutes 1.1% of the standard subs-lances pre-set val-
ue). Inorganic carbon (IN-C) was measured using the
same elemental analyser by analysing samples ignited in
an oven (2 h at 55O"C) before analysis (Hedges and
Stem. 1984). Organic carbon (OC) was obtained as the
difference between the total and IN-C values. Ex-
changeable nitrogen (EX-N) was measured according to
Mackin and Aller (19&4)as a sum of pore water and
adsorbed ammonia leached in 2 M KCI. The we! ex-
tracts of NH1 wen: measured according to Parson et al.
(1984).

Statistical analyses of data were done using one-way
ANDV A test. Heterogeneity of variances was also test-
ed.

The bottom- •.••oater temperature and the oxygen con-
centration just above the sediment surface generally
agree well with Ole long-term trends reported by Berz-
insh (I99S) (see Figs. 2 and 3). However, the tempera-
tures at both sites deviate from the long-term avenge
values and exhibit considerable higher values from the
end of May to the end of August. The variability of me
temperature time series in the near-bouom layer is not

-as
-T3
•••••••••. 11llC;:3-19SS:

FiS. 2- Sea.sorul variatioll'S of II::IIIpetanm: of the bottom w••ter from December 1993 10 January 1995. The 1000000-tennaverage of
bottom-water lttJ'1PC.T11lurc: is pr=rcd by a dasMd line (Bcni~h. t 995).
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available fTom the literature, However, the deviation in
the entire water column from the long-term observations
between 1963 and 1990 by Berzinsh (1995) was ::i:3OC
and ± 1.5"C in spring and lWWDer, respedivdy _Tbere-
fore. deviations observed during summer time in this

study seem to be rather extreme (Fig. 2). Furthermore,
the oxygen concentrations (Fig. 3) were somewhat lower
during August-November at site G5 and during Sep-
tember at site n than the measured long-tam average
values. The deviations of temperature and subsequently
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Ch most probably were caused by a strong storm event
in late June.

Although the chemical analyses of the sediments
have been performed. down to 10 em depths. we will
mostly focus our discussion on the alterations in the
uppermost 5 em of the sediment column. This is because
below 5 ern depths only limited alterations were seen
during the sampling period. The organic carbon (not
shown) comprised 96-99% of TC content throughout
the experiment time.

Similar vertical profiles of mean sediment dry-weight
concentrations of TC and TN were obtained at both
sites G5 and n. However, during autumn-early spring
considerable differences ofTC and TN concentrations in
surface sediments (0-2 em) between sites were observed
(e.g., Fig. 4). An investigation performed by Krezoski et
al. (1984) established that burrowing amphipods in Lake
Michigan redistribute surficial sediments to a depth of
about 1.5 em. More recent work in the Baltic Proper by
Hill and Elmgren (1987) showed that 80-90% of the
amphipods Pontoporeia affinis and Pontoporeia femorata
concentrate between 0 and 5 em although they feed in
more surficial depths (Lopez and Elmgren, 1989).

1i,5

5.0

"01 4,&
0
"0 4.0Eg
e 3.5
c

1 3,0
"i
Ci 2.5
I-

~ .-...&l

Therefore. it seems very likely that uniformity ofTC and
TN concentrations in the 0-2 em sediment layer during
autumn-spring at site G5 was due to bioturbation. The
drastic decline in numbers and biomass of P. femorata
and Monoporeia affillis in May (I g.•..••W<it-tu m-2) com-
pared to winter-early spring (on average 4.4 g,...., ~
ro-1) (Cederwall and Jermakovs, 1999) probably 10-

gether with input of fresh organic material resulted in
development of more a pronounced vertical gradient
during summer. In contrast to site G5. considerable
vertical gradient was observed during most of the year at
site T3 (Figs. 5 and 6) probably due to much lower
amphipod abundance (fable 1). The disruption of this
gradient in November 1994 might be due to significant
increase in amphipod numbers, i.e.• 164 individuals
(ind.) m-1 in November compared to 75 indo m-1 on
average of P. femorata and M. affinis (Cederwall and
Jerrnakovs, 1999). We do Dot have biological data from
January 1994, therefore it is not possible to conclude
whether fairly similar concentrations of TC and TN in
O-} em and 1-2 em are due to bioturbation at site 13.

Large spring and autumn blooms an: often found in
regions of remarkable seasonality. These blooms can

05

T3

5,5

8 ",0

'0 4,5!:::t~~
o
I- 2.5

~-Q3

-o-l em
-'·2_
-2-3cm
--3-4 em
- •....5cm

Fig. 5. Seasonal variations of TC concentrations in the surface sediments at sites G5 and n.Vertical bars represent mean standard
deviation.
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(;~ 0.25

O~ .Ia'>-94
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-0-0-1 em
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-2·3cm
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--4-Scm

Fig. 6. Seasonal variations of TN concentrations in the surface xdimenLs at sites GS and n. Vertical bars represent mean standard
deviation.

form and senesce in as little as 1-2 weeks (Smetacek,
1985). In comparatively shallow ecosystems, the bulk of
this material may reach the sediments due to low grazing
pressure of zooplankton (Smeta.cek, 1980). However,
significant differences (ANOVA, P < 0.01) between
months were obtained only for TN (0--1em) at site n.
A post-hoc test [Tukey HSD test) following a one-way
ANOVA revealed that TN concentrations (Fig. 6) in
April and November were significantly different
(P < 0.01) from January values. Non-si.gnificant in-
crease ofTC concentration (Fig. 5) was measured during
May-August at site 05 and April at site n. Although
large variations can OCOlr in bloom timing (Smetaeek,
1985), the pattern of sedimentation is alike each year
(Smetacek, 1980), i.e., sedimentation of spring and au-
tumn blooms in Kid Bight, Baltic sea occur mostly in
March-April and October-November, respectively. Al-
though, to our knowledge, there is no published infor-
mation on a seasonal sedimentation pattern in the Gulf
of Riga, it is reasonable to assume that seasonality of the
pelagic system is similar to that of Kid Bight reported
by Smeta.eek (1980). Therefore, it seems very Iikc1y that
the observed signiiicant increase of TN concentration
(Fig. 6) in April and November at site T3 rdiect sedi-

mentation of spring and autumn blooms, respectively.
Morc:ova, the observed lowest. CIN atomic ratios in
April (9.1 [S.D. =0.02] and 9.6 [S.D. =0.2] for sites G5
and n, respectively) and November (9.0 [SD. =O.J)
and 9.1 [S.D. =031 for sites G5 and n, m;pectively)
may support the assumption that the major bulk of
settled particles originate from primary producers dur-
ing these months.

A non-significant increase ofTC in 0-1 em at site G5
during May-August may indicate deposition of partic-
ulate organic material However, elevated atomic CIN
ratios in sediments (10.2-10.4 (S.D. = O.4D suggest that
there is a source of deposited material other than the
pelagic system. Most likely this material originates from
macrophytes or from material delivered by rivers.

The elevated concentrations of TC in 0--1 em pre-
vailed from May through August. Without additional
sedimentation data or refractoriry estimates of deposited
material it is not possible to conclude wbe1he:rdeposi-
tion of particulate material occurred once: in May and
persisted at sediment surface due to its refractory nature
and limited bioturbation or was deposited regularly
throughout the period.
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Only one replicate: was analysed for EX-N. The
concentration of EX-N was very low throughout the
whole year in comparison with the TN (1-5% of the
total amount). The highest concentrations of EX·N were
measured during summer to early autumn, with the
maximum occurring in September at site G5. The ver-
tical gradient was very weak at site G5 throughout the
year whereas a strong dilkrence between the surface a.nd
deeper layers developed at site nduring SIl1IIJllCL

5. Conclusioos

There is significant evidence that burrowing ampw-
pods in the Gulf of Riga affect the concentration pattern
of carbon and nitrogen in surface sediments down to 2-3
an below the sediment surface.

Signifiawt increase of TN concentration at site T3 in
April and November most h"kdy indicates deposition of
spring and autumn blooms, respectively. However, TC
concentrations at both sites and TN concentration at
site GS did not exhibit a significant increase. This might
be due to several reasons, c.g., low bloom sedimentation,
bioturbation, high accumulation rates, However, we:
need additional data for a more solid conclusion.
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Abstract

The redn--d.ependeot variations in concentrations or
phosphorus at two difl'erent lIttUDlulation bottom
areas were inveAipted in the Gulf of Riga (Baltic
Sea) between December 1993 and January 1995.
The sediment samples from 9 sampUnc ommOl1$

were analyud fQr phosphOl"Ui forms and redox
poteattal.
De ."erace CODCQtratioas of total phosphorus
measured in 0-1 em (65 ad 89 )lJDol P r for SUM
GS and T3, respedivdy) wen JlIIlOIII the higbest
reported £rom the eotiTe Baltic Sea. Redox
depeodetrt "'mobile" pbosphorus contributed more
than 50 -J. of total In the uppermost oxidised
centimetre.. whereas In redneed layen 16-18 %
tbroqbout the year.
A sipificaot differences (ANOV A, P<OoOl) among
moths of iDorcank phosphorus CODtentration at 0-1
em were observed at lite OS due to temporary
amunul.lion of mobile phOlPbonu: med.i.ted by
redoJ:--dependentbacteria activity dur~ sUlDlDer.

On the coo:trlll")' no attUmulation "25 observed at 1'3
most Ukely as a result of low n!do.J: potential caused
by hi~b acnm.wadoD rates and low bioturbation.
A1thoqb water above sediments remalned oDe
throughout the IDvestilatiOll period, the nc:hn:
potentillJ .t site 1'3 was close to redoIcline (i.e. + 230
mV) dar1n& summer. Farther louease of
eutropb1catlon mi:bt lead to development of anorlc:
c:oodItions at sediment-W1IUr Interhee and that in
turn wiU result in rapid release of redOJ: dependent
pbospborus stored in surfaa sediments. The
availabUlty of excess phosphorus will further
eDbanee eutropbiatioD In partly pbo:sphorus limited
Gulf of Riga.

Key words: phosphorus, redox-dependent ,,~tions,
sediments

Introduction.

In ~~ ~ ecosystr:ms • large proportion of
sedrmcnnng parncubr organic matter reaches sea
bottom. It could vary from 10-50 % in coastal to S0-80
% in DeIU' shore and estuarine sediments (Suess and
Muller, 1980; Suess. 19&0). The subsequent microbial

organic matter rernineralizatica and nutrient release
~~ the ~t-water interface can supply II

Sl~nifi.cant portion of nutrient requirements for the
pnmary producers in the overlying water column
(Pamatmot. 1977; Hingo et al .• 1979; Zeitzschel, 1980;
Nixon; 1981). ~owever, sediments act not only as a
source of nutne:nts but also as a sink. Therefore an
~ to assess or model tho nutrient dynamics of
mmme ecosystem should include an examination of
sediment-water interactions.
Sedimentation of fresh particulate organic material
mostly is limited to plankton growth season (Marcb-
November) while in winta bulk of settling material is
of resuspension origin (Smetacek, 1980). Large spring
and autumn bloom sedimentations are often found in
regions characterised by marked seasonality such as in
the Baltic Sea. Although, sedimentation ales are lowest
during summer the occasional events of summer bloom
sedimentation have been observed. Moreover
particulate organic material settling during summer
stratification have bighest organic carbon content of the
year (Smstacek. 1980). Large variations can occur in
bloom sedimentation timing and quantity, e. g. Olesen
and Lundsgaard (1995) have shown that rapid mass
sectimentatiOD following the pbytoplankton bloom in
spring can contribu.t:c less than 10 % of the total flux
dnriDg the strat:iiJed period.
Pulsed inputs of organic material can have profound
impact on sediment-water" fluxes (Enoksson. 1993;
Conley and Johnston, 1995). benthos (Cederwal1 and
Elmgren., 1980)., underlying sediment chemistry (Graf et
aL, 1984), and may increase microbial activity (Graf,
1987). '
However, the previous experiments mostly focused on
~~ely short term effects of spring bloom
simDlabon. Moreover, due to differences in material
used they demoostrated rather controversial results. Le.
numerous authors estimated half life of added algae
material to be around 4 weeks (e. g. Garber. 1984;
ElIOksson, 1993). Although Garber (l984) used
Iyopb:ilized algae culture and seston whereas Eaoksson
(1993) used untreated algae culture their estimation of
half life of added particulate P and N generally agree
well Except Garber (1984) demonstrated that large
~ of P (20-25 %) from freeze-dried organic
material was released to solution within first 7 b as DIP.
On the contrary to that experiment perfom:1ed by Conley
and Johnstone (1995), using fresh algae cells, estimated
dw only 19 % of added nitrogen and 15 % of added
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phosphorus was released during 27 days as dissolved
inorganic fractions. Furthermore Baccini (1985)
reponed preservation of added organic phosphorus Ul

uppermost sediments and likewise Sondergaard (1989)
showed an equilibrium stale for phosphorus in the
uppermost oxidized sediments with net release from
deeper reduced sediments.
The aim of this study was to deduce whether sediments
of semi-enclosed Gulf of Riga may act as temporary
nutrient trap during phytoplankton growth season,
Specifically, the study aims to characterize the changes
in sediment phosphorus chemistry in correlation with
oxygen dynamics and bioturbation.

Study area

Compared to others sub- basins of the Baltic Sea the
Gulf of Riga is quite shallow 'with maximum and
average depths of 62 and 20 m, respectively (Yurkovskis
et al., 1993). The water mass is normally mixed
completely once a year during ••••inter. A strong
thermocline develops quickly after the mixing of the
water mass iBerzinsh, 1995). TIle average annual
primary production, 290 g C m·~·I. is among highest
values reported for Baltic Sea (Wassmann and
Andrushauis, 1993). Sediment bottoms with continuous
deposition of fine material are situated at 40-50 m
depth, and comprise ca. 28 % of total area of the Gulf
of Riga (Cm7nan et al., ]996). The bottom water is
oxygenated throughout the year (Berzinsh, 1995),

57.r

zis 23.5" 2.4.5'
Figure 1. Map showing the sampling locations in the
Gulf of Riga

In a previous investigation (Carman et al., 1996) 23
sampling sites were analyzed for wide range of

parameters. From those rwo sampling sites (G5 and TI)
were chosen for present study (Figure 1).
Site 13, located in the eastern part of the Gulf, is
strongly influenced by the major rivers input in south
and south-east iBerzmsh; 1995). Site G5, on the other
band. is strongly influenced by the: saline water inflow
through Sound of lrbene (Berzinsh, 1995). According to
echo sounding recordings (not shown) botb sites are
situated on fairly fiat bottoms. Some genera] parameters
regarding the sampling sites are summarized 111 Table 1.

Table 1. Position and brief description ofsamplmg
sites.

Parameter
Position

Site T3
NS7°30.0'
E24°06.0'

mud
89

Stle G5
N5J023.0'
£23"28.0'

mud
87

sediment type.
Water content (%) in
(0·1 em)
Water depth (m)
Primary production
(8 Cm·~Y*·
Dominating
macroHmn8. specie'

43
400-500

44
300-400

Marenceleri
(l viridis

Pontoporia
femorata

*Carmw et al. 1996
•..•Wassmann and Andrushaitis 1993
"Cederwall and Jermakov, pers. comm.

Materials and methods

Since first sampling in December 1993 (five cores
sampled) showed remarkably small spatial dispersion
only duplicate - triplicate sediment cores were collected
at each deposition area 9 times from December 1993 to
January 1995. A modified Kajak gravity corer equipped
with an acrylic liner with an inside diameter of 80 mm
(BJomqvisJ and Abrahamsson, 1985) was used. Sub-
samples from the uppermost 10 em were sliced in
centimetre sections immediately after sampling. They

were dried to constant weight at +&0 °C and afterwards
ground to fine powder in an agate mortar.
Bottom water, sampled by barometer 1-2 m above sea
floor, temperatures and oxygen concentrations by
Winkler titration (Parson et al., 1984) were measured
on ship just after sampling. The redox potential was
measured in situ by moving of a platinum electrode
vertically through the additional sediment core.
Total phosphorus (TI'). after heating the sediment
sample for 2 h under 550 "C, and inorganic phosphorus
(lP) was extracted by 1 M HCl (Froelich et al., 1988).
Redox dependent or mobile phosphorus (MP) was
extracted by H1S treatment (Carman and Jonsson,
1991) without pre-treatment ~...itb other chemicals.
Apatite phosphorus (AP) was obtained from the
difference between IP and MP while the concentration
of organic phosphorus (OP) was obtained as a
difference between TP and lP. All wet extracts of P

2



J. Aigars;. Redox-dependent seasona.\ variations of the phosphorus geochemistry ...

were measured according standard molybdenum blue
spectrophotometric technique (Mwphy and Riley,
1962).
Statistical analysis were performed using one way
ANOV A test Heterogeneity of variances was tested
also.

Results

Due to limited alterations of phosphorus concentrations
below five centimeters, the discussion will be focused
only on uppermost five centimeters.
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Figure 2. Seasonal variations of temperature of the
bottom water. Berzins et at, (1987) data set represent
long term average of bottom warer temperature.
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F1ltJre 3. Seasonal variations of oxygen concentration
of the bottom water. Berzins et al., (1987) data set
represent long term average bottom water oxygen
concentration.

Osycm, tempeuture and redox pote.ntiaL

The bonom water temperature (Fig. 2) and the
concentration of oxygen (Fig3) JUSt above the sediment
surface generally agree well wi1h the long time average
measurements reported by Berzinsh (1995).

However, the rempernture at both sites was up to 6 "C

higher and the concentration of oxygen up to 3 mg tl
lower during summer than long-term average
measurements reponed by Berzinsh (1995) between
1963 and 1985. Obviously introduction of higher than
long-term average temperature in near-bottom water by
stormy weather during late June enhanced activity of
benthos community what resulted in high oxygen
demand at sediment-water interface.
At both sites the sediment surface (0-1 em) was oxic
during most time of the year (Fig. 4). Although the
redox potential at site 1"3 was close: to the redoxcline
(e.g. Mortimer, 1942) from May through summer, it
was below +230 mV only in November. The redox
potential at site G5 reached anoxic conditions in
September in uppermost centimetre. Al both sites the
redox potential beneath the second centimetre always
exhibited values below +230 mY. Further down in
sediments the redox potential was always between
+100 and-IOO mY.
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Flgure 4. Seasonal variations of redox potential of
uppermost sediment centimetre. Redoxcline is at 230
mV (see for instance Mortimer, 1942) .

Phospborus forms.

Inorganic phosphorus ([P) (Fig. 5) comprised on
average: more than 80 % of the total phosphorus what is
similar to other areas in the Baltic Sea (e.g., Carman
and Jonsson, 1991 ). Mobile phosphorus (MP)
comprised 00 average more than 70 % and below 20 %
of the extracted lP in 0-1 em and below 5~6 em,
respectively .
Significant differeoces (ANOYA; P:().OO7 and
P=O.006) between months were obtained at site G5 for
IP al 0-1 and 1-2 em, respectively. A post-hoc Tukey
(HSD) test following a one-way ANOYA for IP at 0-1
em revealed that July was different from December,
January and April. while for IP at 1-2 em revealed that
July is significantly different from April, May, August,
January.

3
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No significant differences (ANOV A; P>O.05) among
months were detected for IP levels at site n.
Organic phosphorus (OP) coocentrations (oot shown)
were low compared to IP throughout the year.

0-1 aIll
70 ••...•.•••1-2 =,

-'-2-3clI1l
60 --0--3..••em

-lI:-~Cft!i

GS

10

o
O--eG Ap<..Q4 JuI-IIoI 6~ J--e!!

M.,..sI4 J'ug~ Noy.!I<I

Date

100

80-.
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60D.

~ 40
::L- 20
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o
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Apr.$4 Jul-llo4 S~
Date

Flpre 5. Seasonal variations of inorganic pbospboJUs
in the surface sediments of the Gulf of Riga. VerticaJ
bars show mean standard deviation.

DlscussioD.

The TP conce:ntrations measured in this study were
among the highest reported from other Baltic Sea areas
(e. g.. Nedwell et al .• 1983; J(Q()p et al.; 1990; Conley et
al.; 1997) and exceeded the values from deep basins in
Baltic Sea with reduced sediments reported by Cannan
and RWn (1997). As with other areas in 1be Baltic,
oxidised sediments in the Gulf of Riga have much
higher IP concentrations than reduced sediments
(Q:mnaII and J01J3son, 1991). This is due to
accumulation of large amounts of redox dependent
"mobile" phosphorus iII oxidised surface sediioents.
Signi.fi.cant difference (ANOV.A~ P<O.OOI) in
concentratioas of TP in the uppermost centimetre
between sites 05 and 1"3 was detected due to the large
MP pool at site T3. The emicblJlmt of MP in ()"1 em at
site T3 compared to silt 05 may be due to differences
in overlying water productivity as reported by
Wassmann and Andrashaitis. (1993). However. the

partieu.latc material depfi$ited at sites T3 and GS largely
is of diffe[f)fil' origin sin<:esile nis in:tl:uenced by major
rivers inflow in south and site G5 is influenced by water
inflow from Baltic :Proper ~Berzhu. 1995). Therefore.
the particulate material deposited at site T3 might be
enriched with phosphorus comparing to site G5.
Teu1pQral :in~ of IP III site GS (Fig. 5) was doc to
accumulation of MP. A possible explanation for
accumulation ofMP as suggested by Einsele (1936) is
that phosphorus flux through tbe sediment-water
interface is controlled by adsorption of phosphate on
iron (llI) complexes during oxic conditions with
subsequent release under reduced due to dissolution of
these complexes. This approach has been used by
I1IID1C'OOS investigaton (e. g. Balzer et al.; 1983; Balzer,
1984; Berldteiser et al .• 1980; Krom and Berner, 1981;
Bowom. Itt al., 1988).
According to Einsele's theory, the release of iron-bound
P will occur when redox potential in sediments shifts
below +230 mY. However, in this study <at site 05) the
redox potential decreased to this value in the uppennost
eeo.timetcr only in September (Fig. 4) when temporary
accumulated MP already had been released.
Furthermore, investigation by Jensen et at. (1995),
which is similar to this study. did not demonstrate
positive correlation between concentrations of FeOOH
and accumulation of iron bound reactive phosphorus.
Thia clearly suggests mechanisms other than sorption-
desorption on iron oxyhydroxides controls
concentration of redox dependent phosphorus in
sediments. These observations are consistent with the
up1ake of phospboros by bacteria from organic substrate
under oxidised conditions, which has been suggested in
many studies (e.g., Shapiro, 1967~ Osborn and Nidwlls,
1978; Fenchtd and BkJckbum, 1979; Fleischer. 1986;
Carlton and Wetzel. 1988; Gl1clrrer et al.; 1988). It is
suggested that bacteria uptake and store phosphorus as
polyphospbat.e granules during favomable oxygen
conditions for metabolic processes to generate energy
under low oxygen condirions (Marais etal., 1983;
Florentz es al; 1984). Consistent with !his idea is that in
this study the increase of U' concentrations from May
through July followed by decrease in IP levels during
August-SeptembeT correlates with oxygen
concentratious at w 05 (Figures 5 and 3, respectively).
Inga11 and Jahnke, (1994; 1997) discuss the significance
of short-term redox se:ositive cycling of phosphate by
bacteria in sea sediments also. Consistent to the idea
that phosphorus content in sediments is controlled by
oxygen sensitive biota, laboratory expel iments reveal
that biota in oxic layer uptake and store ndiotraeer
labeled phosphorus delivered as organic material but
fluxes of dissolved inorganic phosphorus out of
$ed~ origin.at:csfrom deeper sediment layers wi!b
reduced conditicms (Baaini, 1985). Sondergaard (1989)
presented evidence of similar processes from field
stwbes also.
In contrast to the location GS, at TI the redox potential
(Fig. 4) .indicated 0] defiCiency in 0-1 em already in
May when water column was still wc11 oxygenated.
This may be due to of differences in the abundance of

4
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macrofauna (Table 1). The high bioturbation provided
better delivery of oxygen into the sediments at site G5
than at site 1'3 where delivery of oxygen was mostly via
diffusion. However, as shown in previous investigations
oxygen consumption increase with addition of fresh
material (Jensen et al., 1990; Enoksson, J 993).
Therefore, high sedimentation rates at site 1'3 (Larsen,
1995) may result in low redox potential compared to
site G5. Thus it seems hypoxic/anoxic conditions
developed in spring at site T3 due to coupling of high
sedimentation rates and low bioturbation,
The increase of IP concentration in the second
centimeter during November at site: T3 correlates with
increase in numbers of benthic macrofauna (Ceder-wall
and Jermakovs, 1999). Thus observed increase of
concentration probably was: due to bioturbation.
Although several bacteria and protozoan species can
uptake and store excess phosphorus, this process ~1
little influence permanent burial of phosphorus m
sediments. However, Gachter and Meyer. (1993) have
pointed out that during phosphorus cycling by bacteria,
some of it is transformed into refractory orgamc
phosphorus compounds, which cannot be recycled
during successive production. Such ox:ganic ph.~sphorus
compounds have been detected in marme organic matter
(lngall eJ aI.. 1990. 1993). Thus, the oxic s~ts
may increase burial efficiency of nonmetabolizable P-
rich organic phases. Although the bottom waters of the
Gulf of Riga was never exposed to even short term
anoxia (Berzins, 1995), this study indicated that oxic
conditions mostly are limited to 0-1 c:m.Moreover, high
sedimentation rates and low bioturbation may result in
consumption rates of oxygen, which exceeds its
delivery. This in tum results in suboxic conditions at
sediment surface. The poor oxygen conditions in
surface sediments of the Gulf of Riga probably limits
the development of resistant P-rich organic compounds.
This suggests that onder more favorable oxygen
conditions burial efficiency of phosphorus should
increase. In contrast, the increase of eutrophication may
result in reduced conditions at sediment surface and
cause release of mobile redox dependent phosphorus
fraction stored there. Although the Gulf of Riga is
basically N limited. it is phosphorus co-limitation
(T.amminen and Seppala, 1999; Seppala et al., 1999).
Therefore, additional phosphorus input from sediments
might cause further enhancement of eutrophication.

Summary and conctusleas,

Under favorable oxygen content and particulate material
conditions conditions sediments can temporary
accumulate large amounts of redox dependent
phosphorus. Most probably the controlling. factor ~f this
process is the capacity of some bacteria species to
assimilate and store excess amounts of phosphorus. The
phosphorus assimilated and stored by bac~e?a is used in
metabolic processes when oxygen conditions become
less favorable. The presence of benthic macrozoofauna

can indirectly influence this process by aerating surface
layer of sediments.
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Sediment-water phosphorus fluxes in the Gulf of Riga, Baltic Sea: seasonal
approach.
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Abstract

The Dux experiment has been performed in
March, July and September in order to simulate
the response of sediments to deposition of
particulate material in the period between
spring and autumn algae blooms. Fluxes of DIP,
NH/ and NOJ- +N01" were measured after daily
seston additions under various environmental
conditions.
The deposition of two different amounts of
seston normalized to phosphorus content (50 and
280 J.1DIol-P m-ld-I) was simulated during March
experiment. Generally fluxes of dissolved
nutrients were smaU and no clear differences
between treatments were observed most
probably due to quality of added material.
The summer stratification induced depletion of
01 concentration down to 4 mg dm? was
simulated during July experiment. The
enhanced release of DIP and NII." from
sediment-water interface was observed after
decrease of 01 concentration. In contrast, sub-
surface sediments accumulated part of DIP and
NIL + released from sediment-water interface
shortly after 01 coecentration decrease most
probably due to abiotic binding. Generally
fluxes of NOJ- and N01- were directed into the
sediments.
The higher than average pulse sedimentation
event was simulated during September
experiment. The sediments overlying water was
kept well aerated throughout experiment. The
pulse addition of seston resulted in large release
of DIP and NH...• from sediment-water interface
most likely due to depletion of 01 at sediment-
water interface. Similarly to July experiment an
uptake of DIP and NH/ in sub-surface
sediments was observed.

Key words: phosphorus, nitrogen, fluxes

Introduction

In coastal areas with shallow water
depths between 10-50 % of the particulate material
produced in the water column reach the sediment
surface (Suess and Muller 1980, Suess 1980). At
the sediment surface the decomposition of the

settled organic material continues using various
electron acceptors, e.g. oxygen, nitrogen, iron,
sulphur. Thus, sediments react upon the increased
deposition of organic material by increasing, firstly,
the oxygen demand and with subsequent recycling
of nutrients back to the water (see for instance
Stumm and Morgan, 1981). For example, Garber
(1984a) and Kelly and Nixon (1984) demonstrated
that additions of phytoplankton to the sediment
surface results in a rapid release of ammonium
from the sediments. More recently Enoksson
(1993) and Conley and Johnstone (1995) obtained
the same pattern for ammonium as well as for
phosphorus in different areas of the Baltic Sea.
Moreover, it was discussed by Garber (1984b) that
about 28 % (range 22·52 %) of the phosphorus
stored in algae is liberated within 7 h after it has
died. However, on the other hand Smetacek (1980)
has shown that relatively intact cells can reach the
sediments during spring and autumn blooms. These
blooms can form, grow and senesce in as little as 1
to 2 week time (Smetacek et al., 1978). The organic
particles settled after the spring phytoplankton
bloom have a high nutritional content and can form
the bulk of the annual food supply to the benthos
(Gardner et al., 1985). However, the rapid mass
sedimentation following the spring phytoplankton
bloom may contribute for less than 10 % of the
total flux during the stratified period (e.g., Olesen
and Lundsgaard 1995). Although the summer
sedimentation is relatively small (compared to the
spring bloom) due to high zooplankton grazing
activity the amorphous particles that reach the
sediments have high organic carbon content
(Smetacek 1980). This indicates that the particles
settled to the sea £Ioor are undiluted by mineral
particles. Therefore, although the sedimentation
rate per day is lower in summer than in spring, the
summer sedimentation may give higher overall
effect on sediment-water nutrient interaction.
The . semi-enc1osed Gulf of Riga (Figure I) is
known to be one of the most eutrophicated regions
in the Baltic Sea (Wassmann and Andrushaitis,
1993). The annual freshwater run-off is on average
30.7 km'. This is almost 10 % of the water volume
ofGu1f of Riga (420 km') (Yurkovskis et a1. 1993).
In order to assess the nutrient dynamic in such
marine basin it is important to achieve direct
measurements of biogeochemical processes that
control the sediment-water interactions. Hence, this
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Table 1. Station locations and characteristics.

Site Latitude Longitude Depth Sediment Accumulation
(m) type rates dry matter

£m-iyl ••.

G5 57"20'0" 230:30'0" 44 mud 1000
T3 57"30'0" 24"06'0" 43 mud 2000

.••Data derived from Larsen (1995).

study approach this issue by an experimental
simulation of the deposition of particulate material
in the period between spring and autumn blooms
using natural samples of seston. Specifically, we
aimed to characterise changes of phosphorus and to
some degree nitrogen sediment chemistry, in order
to quantify the fluxes of N and P under reduced
oxygen concentrations and enhanced sedimentation
of organic material.

F.rgure 1. Map showing the sampling locations
(G5 and TI) inthe Gulf of Riga. The depth isolines
of30, 40,50 m meters are marked, respectively.

Materials and methods

Sampling

Based on previous investigations
(Cannan et al., 1996) two sampling sites (Figure 1
and Table 1) were chosen. These sites represent

two different deposition bottom regions regarding
accumulation rate and geographical position in the
Gulf of Riga Sediments were sampled three times
during 1998 i.e., in March, July and September. We
used a modified K.ajak corer (Blomquist and
Abrahamsson, 1985) equipped with an acrylic liner
with an inside diameter of 8 em. At site 1'3 DO

samples were taken in September due to bad
weather conditions. Altogether nine sediment cores
were sampled during each sampling occasion.
Three of these cores were immediately sectioned in
I em sections and transferred to 50 ml centrifuge
tubes for centrifugation. The obtained pore water
was filtered through Wbatman GFIF filters (0.47
J.I.lD.) and subsequently used for ammonia and
orthophosphate analysis. The sediment pore water
data reported are the mean value of these three
cores. Further, one core was used to measure the
vertical redox potential profile using a platinum
electrode and one core was sectioned in 1 em
sections and stored in a freezer for later bulk
analysis of different phosphorus fractions. The
remaining four intact sediment cores were used in
the flux experiment.
Seston (sinking dead plankton plus detritus) was
collected below the euphotic zone using plankton
net. Prior to use the seston was stored in suspension
(sea water) in a refrigerator.

ExperImental design for the Om: measurements

Intact undisturbed sediment cores
(n = 4) with about I I overlying seawater together
with similar columns (n == 2) with unfiltered
ambient bottom water were incubated in a dark
room at in situ temperatures. The additions of
seston nonna.lized to phosphorus content were
carried out daily. The particulate phosphorus was
measured regularly throughout the experiment,
while the total carbon and nitrogen of the seston
was measured only during the summer experiment.
The C:N:P ratio were at that time 241:37:1 (by
atoms), i.e., depleted in phosphorus compared to
Redfield ratio. Before the flux experiment began
the system was allowed to stabilize for at least 24h.
The first flux measurements (pot, NIl,t, NO)- +
NOl-) were performed before the spring bloom
occurred in the gulf. Since no actual sedimentation
rates in the Gulf of Riga were measured during

2
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Table 2. Bottom water nutrient and oxygen concentrations.

Sampling Site Temp.
time C

March G5 0.5
1998 T3 0.7
July G5 4.1
1998 T3 2.5

September G5 2.4
1998
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Figure 2. Average pore water profiles from three cores of ammonia and phosphate. A - sampled in March, B -
sampled in July, C - sampled in September. Horizontal bars represent one standard deviation.

winter-early spring addition of 50 and 280 umol m
2 of particulate phosphorus was carried out daily
which are in a range of lowest and average
sedimentation rates during spring-autumn (Reigstad
et al. 1999), The supernatant water was maintained
well aerated throughout the incubation period.
The second treatment was conducted in July 1998.
The input of seaton (650 JlIDol-P m·~d·l) was kept
constant in the range of maximal sedimentation rate
of particulate phosphorus reported for the Gulf of
Riga (Reigstad et al. 1999). The concentration of

oxygen was lowered from II mg drn' to 4 mg drn'
which is the lowest average ambient concentration
observed previously (Berzinsh, 1995).
The third treatment was conducted in September
1998 with the aim to simulate a higher than average
impulse sedimentation i.e., impulse addition of 440
umol-P m-2d·1 while before and after pulse addition
was kept at 180 umol-P m,2d·l which is in range of
autumn average sedimentation rate (Reigstad et al.
1999). As during the spring experiment the
supernatant water was maintained well aerated
throughout the incubation period.
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Figure 3. Average values (± one standard deviation) of sediment-water fluxes for DIP, NH/, NOl' + NCy
during March 1998. Wat, - represents fluxes in col~ witho~ sediment and ~ - represen.ts fl~es in
columns with sediments after values from columns WIthout sediments were substituted N~encal ~dexes
indicate treatment additionally explained in figure legend. Positive values denote fluxes out ofsedimen1s mto the
overlying water and negative values fluxes into sediments.

AnalytiC21 determinations

Total concentration of phosphorus
(TP) and inorganic phosphorus (IF) in the sediment
were determined by extraction with I M Hel before
and after combustion according to Froelich et at
(1988). All wet extracts of P were measured using
standard spectrophotometric technique (e.g.,
Murphy and Riley, 1962). Ammonium (NH..1 and
dissolved inorganic phosphorus (DIP)
concentration in all water samples collected from
the core incubations as well as the pore water was
immediately determined using common standard
methods (e.g., Parsons et a1. 1984). Samples for
nitrate + nitrite (NO)' ;- NOz') were analyzed using
cadmium reduction (parsons et al, 1984). The
analysis of the total P concentrations of the added
particulate seston was accomplished by digestion in
acid persulfate (Karoleff, 1976). Total carbon and

total nitrogen was measured on LECO element
analyze!

Results

Sediment cores and supernatant water

Due to technical problems at site
05 during the spring sampling event no sediment
cores for pore water and sediment analysis were
collected. Moreover, due to stormy weather
conditions it was impossible to take any samples at
all at site T3 during the autumn sampling event
The concentrations of TP and IP from the
uppermost sediment section (0-1 em) were on
average 56 and 44 prnol-P s" dry weight,
respectively. This value was considerably higher
than those from the second slice below sediment
surface (1-2 em) where the concentration on
average were 36,7 and 26 umol-P s" dry weight for
TP and £P, respectively.
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Figure 4. Average values (± one standard
deviation) of sediment-water fluxes for DIP, NBc"'",
NO)' + N01' during July 1998. Wat, - represents
fluxes in columns without sediment and Sed. -
represents fluxes in columns with sediments after
values from columns without sediments were
substituted Nwne:rical indexes indicate treatment
additionally explained in figure legend .. Positive
values denote fluxes out of sediments into the
overlying water and negative values fluxes into
sediments.

At site G5 the redox potential of the uppermost
centimetre was 10 and 32 mY during July and
September, respectively. At site T3 it was 347 and
364 mV during March and July, respectively.
Stable negative redox values were reached already
beneath third centimetre below sea floor (- I20 and
- 90 mV for sites G5 and D, respectively).
The water content ranged from around 90 % in the
uppermost part of the sediments to around 75 %
between 9 and 10 em below sea floor.
The overlying water temperatures and the
concentrations of 01, PO/"' , NH-t. NO]'+NOz' are
compiled in Table 2. Temperature and ammonium
concentration exhibit general increasing tendency

between spring and autumn, However, PO/"· and
N03-+N02• exhibit lowest concentrations during
July.

Pore water profiles

Similar pore water profiles of NH. +

and DIP were obtained for both site G5 and T3
(Figure 2). The common feature fOT both sites is
development of subsurface maximum of NH.' at 1-
2 em and 1-3 em for sites G5 and T3, respectively.

Sediment-water fluxes

Generally the sediment-water
fluxes of all measured parameters during March
were low and unidirectional. Mostly, no clear
response to added organic matter could be seen
(Figure 3). However, at site G5 significant
differences (ANOVA. P<O.OI) between 50 and
280 prnol-P m·ld-I treatments where detected for
the DIP fluxes.
During initial stage of the July experiment at site
G5 all fluxes in the columns with sediments were
directed out from sediments even though the
supernatant water was well aerated (Figure 4).
Wben the concentration of 01 in the supernatant
water was adjusted to 4 mg dm' the fluxes of all
measured parameters changed significantly
(ANOV A, P<O.Ol) and were directed into the
sediments. The DIP and N03- + NOl· fluxes were
directed out from the sediment after low oxygen
level (4 mg-O, dm") was maintained for 5 days.
Although they were higher than under well-aerated
conditions the difference between treatments was
statistically significant (ANOY A, P<O.O 1) only for
NOl' + N02' fluxes. In contrast, fluxes of NH.~
were still directed into the sediments. The July
experiment at site T3 were not completed because
of experiment failure due to breakdown of the
peristaltic pwnp. However, results from initial stage
of experiment are presented in Table 3.
During the September flux measurement the fluxes
of DIP and NH/ were. comparing to measured
summer values, small during the initial stage of
organic matter treatment, i.e, addition of 180 urnol-
p m'~d", (Figure' 5). In contrast, fluxes of NO)' +
N02' were significantly higher in columns with
sediments. After a pulse addition of sesron (440
umol-P m-ld-I ) a significant changes in the flux of
all measured parameters could be observed (NH. +

and NO]' + N01- (ANOYA, P<O.OI); DIP
(ANDV A, P=O.02». During this stage all these
fluxes were directed into the sediments. After
return to initial seston addition a significant
(ANOVA, P<O.OI) change in the DIP and NH4~
fluxes rate could be observed after 48 h. The flux
were now directed out of the sediment. However,
the fluxes of NO]' + NO!' remained unchanged i.e ..
directed into the sediments.

5
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Figure 5. Average values (± one standard
deviation) of sediment-water fltIXCS for DIP. NH.+.
N~' + N~· during September 1998. Wat.. -
represents fluxes in columns without sedi:ment and
Sed .• represents fluxes in columns with sediments
after values from cobmms without sediments were
su.bstin1ted. NumcricaJ indexes indicate treatInent
.additionally explained in figure legend. Positive
values denote flwte:!i out of sediments into dle
overlying water and negative values fluxes into
sediments.

DlscussioD

It has been argued in many investigations
that the sediments of the Baltic Sea plays an
important role in the cycling of nutrients (e.g.
Nehring et aL, 1984; Shaff-er and Rlmner. 1984;
Larsson et al., 1985; Rlnmer. 1985; Wolff and
Stigebrandl, 1989; Koop et a.L, 1990; Cannan et al.,
1990). F01' .nunimt as wen as for many other
com:poDeIlts the biogeochemical condition of the
sedi:ment-wa:ter system regulates the fluxes or
nutrients through the sediment-water imerface. For
both nitrogen and phosphoro.s the oxygen ConditiClD

(redox environment) is a key parameter in Ibis nux
between sediment and overlaying water.

The Gulf of Riga has during the last
centuries received an increasing lUIWWlt of
nutrients, which in tum bas TCSU1ted in increasing
algae blooms and benthic fauna COIJIIJlUlIiti.

(Cederwall et al., 1999). However. due to limited
water depths and a holonrictic mixing of the water
mass each year only the deeper parts of the Gulf
will be occasionally depleted in oxygen (Betzinsh
et at, 1998~Yurkovskis et al., 1993). Anyhow, it is
still an open question how the sediment--water
interaction processes have responded to these
altered conditions in the Gulf and what W11J happen
if the supply of mpnic material to the sediment
surface will increase: even more.

Measured pore water profiles from the two
stations exhibit a norma] pattern for soft boUom
sediments in the Baltic Sea (e.g., CaJ1lWl and
Rahm, 1997; Conley et aL, ]997). The pore water
subsurface maximum observed in summer for NIl."
(Fig. 2) is most likely an effect of the supply of
organic material during that time of sampling and
not an effect of altered tempenture in the bottom
water since it were almost constant (around 3°e)
during -summer. Moreover, a similar peak were
observed by Conley aDd Johnstone (l995) when
they added organic material in their lab experiment
and similar modifications of porewater nutrient
concentrations following the deposition of diatom
blooms have been occasionaDy observed also in
nature (Ned-well et at 1983. Jensen et at 1990).
However. Cooley and Johnstone (1995) showed
that changes in pore water concentrations require
deposition of large amount of organic matter
combined with altered redox condition.

After addition of an estimated daily
deposition of organic material (ROgstad et al-,
1999) the sediment-water fluxes of phosphorus as
weIl as for nitrogen (both sites) werc: among the
highest eva reported fix' the Baltic Sea (Table 3).
However. the rates are comparable with flnxes from
similar environments (Nixon. 1981; Boynton and
Kemp. 1985; Boyton et al. 1990). AI:. in similar
mvironmeots, the alttntion from oxic to
bypohiclanoxit conditions is the main reason for
such bllte rates of fiUtDents OUI of the sediment
(bange in ~ conditions in 1Debottom water is
maDlly a 'result of alteOO1on in the supply of organic
tna.t.eJl&1to sediments and it will, in mrn, affect the
rates and pathways of settled organic matter
re.mi:ne:r.lJ:ization within the sediments (e.g. Ural' er
aI. 1982; 1983; Conley md JOhnstDnc.. 1995).
During winm". wben tbe primary production is
negligible, the coJ:!Jribution of resaspended
sediment to settliDa lnQICrial is expected to be
higbest.. Thenfore. although sedimentation rates in
coastal and tear-sbore areas CQUld be high even
during winter. the deposited material nonnany has
a low impact on the sediment-wakr flaxes of
nutrients because tbe particulate material deposited
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Table 3. Characteristics and flux rates from different Baltic Sea regions.
Location Sampling Type SedIment Depth Temp. Fluxes Comment'! Source

Scheme c:haraderlstlcS"" (m) (J.1mol m" h·l)
%Org..C <t> (og N·NH~ N·NO] + N-NO~ P-POA

Kiel Bight Annual Sill/sand 1.0·2.25\> 37 20 2-18 5.6·27.8 5.6-10.0 0.7-2.6 Occasional periods or Balzer
W Germany (iIO)' anoxia encountered ( 1984)

during summer

Gulf of Bothnia Apr/Jul Soft silt 22 0-1 S 0.2-20 2.8-8.5 NH4 fluxes enhanced Nedwell et
(40.0)" by presence of al. (1983)

organic detritus on
sediment surface fLaholm Bay, W SepL Silt 3.4 80 20 9 SO o to·S 010 -5 Organic ~ricb Bnoksson

Sweden (lOOt (-20 to -30t (0-1 O)~ sediments (1987)
ASK6 transect, July Sand/silt 0.5 71 41 4.1 13 ·2.2 -0.5 Sediments well Koop et al. I

Baltic proper ( 18)d (-1.0)4 ( 12.6)d mixed (1990) [July Sill 5.9 81 82 4.8 4 -8.7 0.1 Sediments partly Koop et al,
(24)d (-9.0)~ (21.7)<1 mixed (1990)

July Sill 6.7 9J J30 4.9 13 -14.3 0,2 Sediments are Koop et at (f.l

(33}d (-10.0)d (3,7)<1 laminated ( 1990) IGulf of Finland July 3.4- 7.S- 87-94" 35-85 9.37-34.7 -6.33 - tz.s' 0-4J Conleyet
(0.1-2.45)

·0.3"
81. (1997) iGulfofRiga March Mud 5~ 44~ 0.5" 1.32" -7.6" Large accumulation l1lis study

(6.3) (43) (0.7) (13.7) (- 7.9) (- 4) rate, sharp gradient 'g.
between oxic and ~
reduced sediments ::r

July , Mud 5'" 44" 4.lh -29.3h -3.3" 15.Sb Largo accumulation TIllS study ~
(6.3) (43) (2.5) ]41~ ·Ilk 26.4~ rate, sharp gradient :::!l

(-86) (38.5) (-27.8) between oxic and ~
reduced sediments 11

Sept. Mud 5'" 44ft 204n 125ft .117.4\ 19" Large accurnulation TIlls study 6'

(6.3) (43) rate, sharp gradient ~
between oxic and
reduced sediments

• % Organic C and 11> represent percent organic carbon and porosity, respectively. in the upper 2 to 10 em of the sediment column
b Range in the surface 2 mm, Entry in parenthesis is average for sediments below 3 em.
e Flux recorded during anoxic period in summer.
d Fluxes recorded during hypoxic/anoxic periods,
e In the upper 1 em of the sediment column.
r Only N-NO~. N·NO] fluxes are given in brackets.

-l I From Aigars and Carman (2000) for site G5. Value in brackets. is for site T3.
h For site G5. Value in brackets is for site T3.
K Recorded during low oxygen conditions.



Aigars and Carman: Sediment-water phosphorus fluxes in the ...

during WUlter usuany bas Jow degradable organic
carbon content, In conttast, the organic degradable
carbon content in the settling particles during
summer is high (e.g., Smetacek, 1980). Therefore,
most likely the high fluxes measured in July and
September were due to the high quality of
deposited organic material during that time.

For fluxes of phosphorus between the
sediment- water interface the oxygen
condition/redox milieu has been widely accepted as
a key factor in controlling phosphorus content in
the sediments. Thus, if is observed in all flux
experiments that DIP is released from sediments
when oxygen approaches zero in the supematant
water. For instance, Koop et aI. (1990) and Conley
er at (1997) showed enha~d DIP release from
sediments when the concentration of oxygen in
overlying water decrease below 1 g ~ moo! and the
sediment surface exhibited reduced conditions.
FW1hennore, Conley and JoJmstone (1995)
discussed that although the water cohann temains
well aerated a large addition of organic matter may
cause oxygen deficiency at sediment surface
because oxygen consumption at the sediment-water
interface exceeds the delivery. Hence, it will induce
anaerobic conditions to persist at the sediment-
water interface and subsequently it will induce
higher DIP fluxes than during oxic conditions (e.g.,
Krom and Berner, 1980). Generally our data (see
Fig.. 4 and Fig. 5) comply with above-mentioned
investigations. However, the sub-surface sediments
accumulated DIP and ~.. shortly after oxygen
coacentratica bas been set to 4 mg dm" (Fig. 4) and
after enhanced pulse addition of particulate material
(Fig, 5). This is similar to the uptake of DIP
observed by Enoksson (1993) shortly after algae
additions and supported by modified nutrient pore
water concentrations reported by Conley and
Johnstone (1995). Most likely Ibis is a result of an
abiotic sorption of DIP and~· due to altered by
enbaoced pore water concentrations kinetic
equilibrium (e.g, Krom and Berner, 1980).

The spring phytoplankton bloom settling
1S normally accepted as the major input of fresh
organic material to sediments However, exception
from that is reported, for instance, Olesen and
Lundsgaard (1995) indicated that rapid mass
sedimentation following spring phytoplankton
bloom sedimentation might comprise less d:uIn 10
% of the total flux during the stratified period
Furthcnnore, the peaks in sedimentation rates due
to sedimentation of summer phytoplankton blooms
or resuspension events were observed daring
seasonal study of Smetaeek (1980) in tbe Kiel
Bight (Baltic proper). Similar :sedimaltation event
of phytopbnkton and resuspended organic matcri:a1
has also been observed in the Gulf of Riga
(Flode:rus et al., 1999). The deposition of sommer
phytoplankton bloom is expected to give similar
effect as deposition of spring phytoplankton bloom.
During our experiment, simulation of such events

(Fig. 5) resulted in significant increase of DIP and
~ + release rates from sediment surface, However,
significant changes in flux rates were observed only
when two or three times the uormaI sedimentation
of organic material was added causing oxygen
deficiency at the sediment W8teI interface.

The nutrient fluxes measured in July under
simulated low oxygen conditions are similar to the
fluxes observed in September under natural low
oxygen conditions except for nitrate (Table 3). The
nitrate concentration in near bottom water was
more than two times lower (Table 2) during Joly
than during September. This may partly explain the
differences in flux rates. However, a more likely
explanation is that during September the oxic layer
was thinnt:r thaD during July. Therefore, the oxic ...
anoxic interlace was situated closer to the sediment
surface in September and, thus" increased the
denitrification efficieocy during that period
compared to that in July.

Although the Gulf of Rip normally
develops a thermocline during sununcr the near ...
bottom water can be subjected 10 outside influences
such as bottom water currents, This could, for
instance, be seen from the temperature and nutrient
concentration rneastII'eDlent at site G5 (Table 2).
Obviously warmer and more saline sudace water
from the Baltic proper was introduced into the near
bottom W<ater layer of site GS in July. It is
reasonable to believe that the observed differences
in the flux .ra:tes (Table 3) between site OS and n
during that time (July) were caused by this event.

In CUIR:D1 study the decrease of the
orthophosphate concentration in near bottom water
between March and July (Table 2) reveal that
during wen oxygenated conditions, except at site
G5 during July, fluxes of P-PO" is directed into the
sediments (Table 3). The effective burial of
phosphorus during grazing periods could be a result
of the findings by Giehter and Mares (19&5) and
Hupfer et at. (1m) who presented evidence that
sinking seston accumulate soluble reactive
phosphorus from the water colunm. The increase of
P~PO.•concentration in near bottom water (Table 2)
and positive P-PO.• flux (Table 3) out of the
sedi.me.nt during Scprembet indicam that net release
of P~PO.. occurs late summer - autumn during
periods when the oxygen concentration in near
bouom water decreases substantially.

Some earlier investigations (e.g.,
Enoksson, 1993) indicated that significant amount
of added particulate material could be utilized from
the sediment as dissolved organic nitrogen (DON)
and posSlbly also as dissolved organic pbospborus
(DOP). Furtbe:r. many authors (e.g. Kemp et aI.
1990, Enoksson 1993) point out the importance of
denitrification in the release of remineralized
nitrogen, Another possible source for the observed
increased release of NHt during low oxygen
conditions could be a cat-ion exchange between
potassium and ammomum in certa.i:n clay minerals

8
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(e.g., Milller, ] 997} Thus,. since DON, DOP and
denitrification rates were DOt measured in this
investigation we have avoided to perform a budget
calculations since it could result in severe
underestimation.

Conclusions

Present investigation shows clearly
that even small alteration in the primary production
in the:Gulf of Rip will affect the sedimen.Hvater
interaction properties largely. During summer
stratification may develop large areas of anoxic or
sub-oxic bottoms with absence of macro fauna.
This will in tum hamper ~ bioturbation on etrtain
areas even JDO(C dum it is today and the oxygen
supply to the supcdicial parIS of the sediments will
to a greater degree than today be hampered. It will
not only induce a higher release of dissolved
nutrients due to B higher degradation amount
iDduced by enhanced settliug of prinwy produced
organic matcria.l but it will also decrease the storage
capacity for phosphorus and decrease the
possibility for denitrification and increase the
ammonium flux towards photic zone. Hence, the
eutrophication situatiOll. in the Gulf will accelerate
largely due to changed intemaI ledimem processes.
For pbospborus it could be referred as the
"phosphate pump" (Shaffer, 1986) but it cooJd also
be applied for the nitrogen cycle Le., the
ammonium release from the sediment will increase
in similar fashion as for phosphorus.
1be extinction of bottom. biota will most likely also
affect the fishery industry since the fish that lives
close to the bottoms will have less food sources.
Additional consequence of increased eutrophication
may be decrease of recrca.tion value of Gulf of Riga
due to visuaJ effect of algae rich nearshore waters
and decaying biomass on shores.
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