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Growth and high-resolution paleoenvironmental signals 
rhodoliths (coralline red algae): A new biogenic archive 
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Abstract. We investigated rhodoliths (coralline red algae) from a subtropical locality in the 
Gulf of California (Lithotharnniurn crassiusculurn) and a subarctic locality in Newfoundland 
(Lithotharnniurn glaciale) for their potential as paleoenvironmental archives using micro- 
analytical geochemical techniques to measure variations in ;5•80, Mg, and Ca. Rhodoliths 
are potentially well suited as recorders of shallow water paleoenvironmental signals because 
they (1) have worldwide distribution from the tropics to polar regions, (2) are long lived 
from decades to centuries, and (3) display well-developed growth bands. Our results indi- 
cate that rhodolith growth bands preserve ultrahigh-resolution records of paleoceanographic- 
paleoclimatic change and likely constitute an important new archive for reconstructing the 
paleoenvironmental history of littoral-neritic areas in which these algae are found. The ;5180 
content of individually sampled rhodolith growth bands ranges from -2.4 to -4.6 %o in L. 
crassiusculurn and from-3.2 to -0.3 %o in L. glaciale. In both cases, the range of ;5•80 val- 
ues suggests a slightly lower amplitude of variation in sea surface temperature than that ac- 
tually measured in the ocean at the two study sites. Both L. crassiusculurn and L. glaciale 
show a negative offset from isotopic equilibrium. Electron microprobe analysis of magne- 
sium and calcium in growth bands reveals cyclic variations with values ranging between 
7.7-18.5 mol % MgCO3 in L. glaciale and 13.2-22.5 mol % MgCO3 in L. crassiusculurn. 
In addition, electron microprobe element maps highlight individual growth bands, provide a 
powerful approach to study rhodolith formation, and indicate that the specimens we ana- 
lyzed have vertical growth rates of 250-450 •tm/yr. 

1. Introduction 

Geochemical signals extracted from growth bands of her- 
matypic corals are commonly used as high-resolution paleoenvi- 
ronmental indicators for reconstructing temperature and salinity 
variations of tropical surface water masses. The main constraint 
in using hermatypic corals is their limited geographical range, 
which is confined to tropical and subtropical seas. In order to 
deduce high-resolution geochemical temperature signals from 
nontropical seas, scientists have turned to the mollusk Arctica 
islandica, which is known for its longevity with reported maxi- 
mum ages of 200 years [Jones, 1983; Weidrnan et al., 1994, 
Reichart et al., 1998]. Studies of the oxygen isotopic composi- 
tion of the aragonitic shell of A. islandica [Weidman et al., 
1994] have confirmed the annual periodicity of its growth bands 
and the fact that it deposits its shell in isotopic equilibrium with 
the seawater. Although A. islandica can provide significant pa- 
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leoenvironmental proxy records, there are disadvantages. The 
main constraint is the limited geographic distribution of A. is- 
landica (North Atlantic) and the fact that its growth ceases once 
water temperature drops below 6øC [Weidrnan et al., 1994]. In 
search for a new biogenic archive that has a wider geographical 
range, is long-lived, and has continuous growth throughout the 
year, we present herein evidence that rhodoliths offer a poten- 
tially rich new source of paleoenvironmental proxy records in 
tropical and nontropical seas. In addition, we introduce a new 
approach for rapidly studying lateral and vertical growth of 
rhodoliths. 

Rhodoliths have been described from a variety of fossil and 
Recent environments [e.g., Foster et al., 1997, Freiwalcl and 
Henrich, 1994, Carannante et al., 1996], where they frequently 
play a dominant role in carbonate production. For example, in a 
subtropical carbonate setting in the Gulf of California, Mexico, 
rhodolith fragments contribute 34% to the sand-sized biogenic 
components [Halfar, 1999]. In a cold-water environment de- 
scribed by Freiwald and Henrich [1994], coralline red algal 
frameworks and framework-derived rhodoliths make up 45-56 
wt. % of the carbonate-secreting organisms. Their worldwide 
distribution in many tropical, nontropical, and even arctic seas 
makes rhodoliths ideal objects for studying their potential as 
paleoenvironmental archives. 

1.1. General Aspects of Rhodoliths 

Rhodoliths are defined as nodules and unattached branched 

growths with a nodular form composed principally of coralline 
red algae [Bosence, 1983]. Rhodoliths commonly live in the 
subtidal zone but have been reported from water depths of 220 
m [Logan et al., 1969]. Coralline red algae are subdivided into 
articulated forms containing segments, such as Arnphiroa sp., 
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Figure 1. Cross section of several rhodolith branches of Lithothamnium crassiusculum with visible growth 
bands. On the basis of our microprobe growth studies we estimate the age of this specimen to be -80 years. 

and nonarticulated forms not containing segments, such as 
Lithothamnium sp. Rhodoliths consist of nonarticulated coralline 
algae. Several species of the coralline red algal genera 
Lithothamnium, Lithophyllum, Phymatoliton, and Neogonioli- 
thon are known to form rhodoliths [Johansen, 1981]. The high- 
Mg calcite rhodolith skeleton can exhibit different growth mor- 

phologies, which range from spheroidal to ellipsoidal and dis- 
coidal [Bosence, 1983] and can be thickly or thinly branching, 
with individual branches reaching up to 1 cm in thickness (Fig- 
ure 1). Several studies have confirmed that rhodolith shape is 
directly related to different sedimentary environments [Foster et 
al., 1997; Bosence, 1976]. Rhodolith morphology is apparently 
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Figure 2. Location map of the two study sites. The subtropical locality is near the town of La Paz in the 
southern Gulf of California, whereas the subarctic locality is in the southeastern Strait of Belle Isle. New- 
foundland. 
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the result of frequent overturning due to water motion (during 
storms) or biogenic activity (bottom-feeding fish, infaunal and 
epifaunal organisms) [Bosellini and Ginsburg, 1971]. Individual 
specimens, which commonly but not always grow around a 
central nucleus (e.g., coral or mollusc fragment or pebble) 
(Figure 1), can reach diameters of up to 20-30 cm and might be 
500-800 years old [Adey and Macintyre, 1973]. 

1.2. Previous Geochemical Studies of Coralline Red AI- 
gae 

Chave [1954] described the Mg content of a variety of red 
algae as ranging from 7-30 mol % MgCO 3. He speculated that 
cyclic variations in the Mg content might be related to water 
temperature fluctuations. Chave and Wheeler [1965] found that 
the amount of Mg in the encrusting red algae Clathrornorphurn 
compacturn varies seasonally in response to water temperature 
and demonstrated the annual character of the Mg cycles. The 
most comprehensive microprobe study on the Mg composition 
of calcareous red algae was undertaken by Moberly [1968] who 
concluded that Mg variations are not directly a function of 
changes in sea surface temperature (SST) but rather depend on 
coralline red algal growth rates. However, according to the 
same author, growth rates are in turn a function of water tem- 
perature, light, and physiological cycles. Milliman [1974] stud- 
ied the oxygen isotopic composition of coralline red algae and 
found an average •5J80 offset of-2.7%0 (PDB) from equilibrium 
for the nonarticulated algae Lithopyllum sp. Wefer and Berger 
[1991] compiled isotopic data for a variety of organisms and 
conclude that the isotopic composition of red algae holds sig- 
nificant but unstudied information on the calcification process of 
this group. They therefore strongly discourage the indiscrimi- 
nate analysis of whole algae for paleoenvironmental classifica- 
tion and interpretation. More recently, Henrich et al. [1996] 
presented energy-dispersive X-ray (EDX) magnesium profiles 
of Lithothamnium glaciale from Norway which display cyclic 
character. They interpret the cycles, which range from 11 to 22 
mol % Mg, as representing annual growth advances. With in- 
creased attention being given to cool-water carbonates, a re- 
newed interest in the stable isotopic composition of coralline red 
algae has arisen. Rahirnpour-Bonab et al. [1997] compared the 
geochemistry of modern cool-water red algae with their tropical 
counterparts. They found that the •5•80 values of coralline red 
algae from temperate environments could be used as a paleo- 
temperature determinator because the algae deposit carbonate in 
isotopic equilibrium with the seawater. Thus, unlike their tropi- 
cal counterparts, temperate algae do not show a pronounced vi- 
tal effect. Rather than analyzing bulk samples as most previous 
studies have done, the approach taken by Halfar et al. [1998] 
and in this study was to analyze the isotopic and elemental com- 
position of individual growth bands of live collected specimens 
of the genus Lithotharnniurn from subtropical and subarctic lo- 
calities (Figure 2). 

2. Study Sites 

2.1 La Paz, Gulf of California, Mexico (Figure 2) •m For this study, live specimens of the rhodolith Lithotha - 
niurn crassiusculum (FOSLIE) Mason 1943 (R. Riosmena- 
Rodriguez, personal communication, 1998) were collected, a 
species that is most abundant at depths of 1-5 m in wave- 
agitated environments in the southern Gulf of California [Foster 
et al., 1997]. The SST in this latter area fluctuates annually by 
11 øC between 19 ø and 30øC (10 year average) [Halfar, 1999]. 
Apart from short-term excursions caused by freshwater dilution 

due to late summer tropical storms, salinity at 1-5 m water 
depth at the collecting site is fairly constant and ranges from 
35.1-35.4%o, with highest values recorded during the summer 
months. Measurements of •5•80.•w•t• r are currently underway in 
the study area, but previous •5•80.•w•t• r values from a variety of 
water masses and seasons in the southern Gulf of California 

show values of 0.0% o•pDB• [Juillet-Leclerc and Schrader, 1987]. 
Therefore, for the purposes of this study, we have assumed an 
average •5•80 ..... ter value of 0.0%o•e•a• for our analysis of the 
Gulf of California rhodolith specimen. 

2.2 Strait of Belle Isle, Newfoundland (Figure 2) 

The subarctic rhodolith, Lithothamnium glaciale, was col- 
lected live t¾om the southeastern Strait of Belle Isle, New- 

foundland, Canada, where it lives in coastal tide pools and sub- 
littoral sites [Sears, 1998]. The Strait of Belle Isle is influenced 
by the Labrador current, has SSTs ranging from -2 ø to 9øC and 
salinities fluctuating between 30 and 33 %0 (data from National 
Oceanographic Data Center [1998]). Freshwater dilution is sig- 
nificant as can be seen in the isotopic composition of the sea- 
water, which shows values ranging from -1.5 to -2.1 •5•80•w•t•r 
for the southwestern Labrador Sea [Houghton and Fairbanks, 
2000]. 

3. Methods 

Untreated rhodolith branches were cut in half along the cen- 
ter and used to prepare polished thick sections (150/zm). In or- 
der to analyze the stable isotopic composition of the rhodoliths 
with subannual resolution, individual growth bands were sub- 
sampled using a microsampling system. The thick sections were 
photographed, and the growth bands digitized from the en- 
largements. On the basis of the digitized information the com- 
puterized microsampling system (Lohmann Microsampler, Sta- 
ble Isotope Laboratory, University of Santa Cruz) extracted the 
carbonate along growth bands. In order to obtain sufficient 
amounts of carbonate powder (> 10 •tg) an average sampled 
growth band had a width of 40 •tm, a drill depth of 60 •tm and a 
length of 2-3 ram. The material obtained from each sampled 
growth band was collected manually. A detailed description of 
the microsampling technique is given by Dettrnan and Lohrnann 
[1993]. Isotope analyses were performed on a Prism mass 
spectrometer with autocarb common acid bath system at Uni- 
versity of California at Santa Cruz. 

Element distribution was mapped at the University of G6ttin- 
gen, Germany, with a JEOL JXA 8900 R electron microprobe 
using an acceleration voltage of 20.0 kV, a beam current of 40 
nA, and a dwell time of 80 ms per step. The scan grid was 
spaced at 3 •tm steps. For quantitative wavelength dispersive 
measurements an acceleration voltage of 15 kV, a spot diameter 
of 3 •tm, and a beam current of 15 nA were used. Transects 
were made by advancing the stage in 20 •tm steps along straight 
profiles in growth direction. Once arrived on location, the best 
spot was selected manually by moving the stage no more than 
20 •tm perpendicular to the line direction. Best spots were de- 
fined as areas where the 3 •tm beam was completely placed on 
cell carbonate avoiding impurities or uncalcified cell interiors. 

4. Results 

4.1 Electron Microprobe Analysis 

Elements maps were generated in order to study rhodolith 
growth and cyclic variations in elemental composition (Figure 
3). They also served as a basis for selecting appropriate 1oca- 
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Figure 3. Element maps display vertical and lateral distri- 
bution of elements within algal growth bands. The qualita- 
tive Mg/Ca intensity ratio element map of L. glaciale, which 
was generated by dividing Mg by Ca element maps, exhibits 
a cyclic variation of the Mg/Ca ratio (Figure 3a). To the 
right is a 38 year record of qualitative Mg/Ca cycles (10 
point moving average); the first 16 years are correlated to 
the element map (Figure 3b). The white lines in Figure 3a 
indicate the position of Figure 3b. In addition to the qualita- 
tive measurements, quantitative line scan data were obtained 
from selected sections of the rhodolith (Figures 6 and 8). 

tions for quantitative single point microprobe transects. Previ- 
ous studies of coralline red algal growth have involved either 
laboratory or field staining studies or microscopic analysis of 
sectioned specimens [Edyvean and Ford, 1987; FreiwaM and 
Henrich, 1994; Georgina-Rivera, 1999]. This is most suitable 
for red algal species that form annual layers of conceptacles 
(conceptacle is a chamber containing reproductive structures), 
which can be counted and the spacing between them measured. 
However, conceptacle formation does not take place annually in 
all species, including those used in this study. Hence light mi- 
croscopy and scanning electron microscopy (SEM) studies must 
rely on the counting of growth bands, which can be misleading 
because subannual growth bands can form within a yearly 
growth cycle (Figure 4a). Figure 4a shows a SEM image of 
growth bands of Lithothamnium crassiusculum. The difficulty of 
accurately defining growth bands or yearly growth cyclicity and 
therefore determining the age and growth rate of a specimen is 
apparent in this image. We therefore used microprobe element 
mapping of rhodolith branches (Figure 4b) as a more reliable 
approach to obtain growth information. 

Cyclic variations of element distribution perpendicular to the 
growth axis are easily identified (Figure 3). As in other coral- 
line red algae [Chave and Wheeler, 1965] and most biogenic 
carbonates [Mitsuguchi et al., 1997], areas of high magnesium 
values are interpreted to correspond to summer intervals of 
growth. Along with Freiwald and Henrich [1994] and Agegian 
[1981], we distinguish two hierarchies of growth bands. Second 
order bands are on the scale of 50-100 pm, and first-order 
bands are on the scale of 250-450 pm (Figure 4b). A first-order 
band, which is interpreted as representing a yearly growth cy- 
cle, is comprised of two to three second-order bands with high 
Mg values (dark bands) and three to four second order bands 
with low Mg values (light bands) (Figure 4b). Georgina-Rivera 
[1999] found only four second-order growth bands associated 
with an annual cycle in a Lithothamnium rhod0'lith specimen 
from the Gulf of California. However, her approach was based 
on light microscopy and a staining technique. FreiwaM and 
Henrich [1994], in turn, who examined the growth bands of an 
attached specimen of L. glaciale from northern Norway, were 
able to distinguish 10-13 second-order bands within a first order 
band based on SEM images. Also, Agegian [1981] found 12 
second-order growth bands within a yearly growth cycle of the 
branched red algae Porolithon gardineri. In the two latter stud- 
ies, second-order bands were interpreted as corresponding to 
tidal or lunar cycles. The interpretation of a first-order band 
being of annual character is based on growth rate comparisons 
with Lithothamnium sp. rhodoliths from other studies [Henrich 
et al., 1996; Adey and McKibbin, 1970] and on the cyclic 
variation of isotopes and major elements measured (see below), 
where the length of a cycle corresponds to the thickness of a 
first-order band. The annual growth rates determined in this 
study (250-450 pm) are, however, lower than growth rates of 
600 pm/yr determined by Frantz [ 1999] on a Lithothamnium sp. 
rhodolith using radiocarbon analysis. 

Element maps also prove useful to examine growth irregu- 
larities in the aigal branches (Figure 3a). Irregularities can be 
caused by physical abrasion during storms or by feeding activi- 
ties of parrotfish [Steneck, 1986], limpets, and chitons [Padilla, 
1989]. However, in general, it has been shown that corailines 
withstand and even thrive under intense grazing pressure due to 
their inherent toughness by effectively resisting the damaging 
impacts of deep-grazing herbivores [Steneck, 1997; Pitlik and 
Paul, 1997]. 
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Figure 4. A detailed view of the Mg/Ca ratio element map of L. glaciale showing the two hierarchies of 
cycles. First-order cycles are interpreted as representing yearly growth advances. See text for possible in- 
terpretation of the second-order cycles. The three black spots on the right side of the image are laser abla- 
tion inductively coupled mass spectrometer pits. 

In order to study the qualitative element distribution at the 
cell level, a detailed element map of the magnesium distribution 
over a 45x45/zm area was created. Figure 5a shows the magne- 
sium distribution and Figure 5b shows a backscattered electron 
image (BSE) of L. crassiusculurn. BSE images present a SEM- 
like view, but they also give an indication of elemental distribu- 
tion. Lighter-colored areas represent heavier atomic numbers 
(in this case, low magnesium values), and darker areas repre- 
sent lighter atomic numbers, such as holes or organic material 
(which is composed of the element carbon and therefore has a 
low atomic number). Figure 5a shows a rather uniform distri- 
bution of magnesium values. Only cell interiors and cell walls, 
which apparently contain a thin lining of organic material, con- 
tain no or reduced amounts of magnesium. From comparison of 
Figures 5a and 5b it is clear that the organic cell wall lining ap- 
pears to be less than a micron thick in the BSE image, whereas 
the magnesium map shows reduced magnesium values (light 
grey areas) over a several micron wide area in the contact re- 
gion between cells. This apparent contradiction is an artifact 
caused by the X-ray volume resolution of the electron micro- 
probe being poorer than the backscatter resolution. Both the Mg 
and the Ca counts are depressed in areas containing organic 
material. Therefore Mg/Ca ratios that were determined by sin- 
gle-point microprobe analysis were unaffected by disturbances 
created by the organic cell wall lining. 

Figure 3b illustrates a 38 year record of Mg/Ca ratio varia- 
tions of L. glaciale. Mg contents in L. glaciale fluctuate be- 
tween 7.7 and 18.5 mol % MgCO 3. The Mg/Ca ratio oscillates, 
on average, between 0.08 and 0.22. Low and high values can 
be correlated to light and dark bands of the Mg/Ca ratio element 
map (Figure 3a). In order to eliminate growth irregularities a 
10- point moving average was applied to the curve in Figure 3b. 
However, this technique not only removes growth effects, but it 
also obstructs the first-order cycles. The latter cycles are shown 
in Figure 6, which gives a detailed picture of the Mg/Ca ratios 

within individual second-order growth bands; five to six second- 
order growth bands within a first-order cycle can be distin- 
guished in the magnesium curve. The record obtained from L. 
crassiusculurn exhibits a less regular growth pattern and shows 
Mg values ranging from 13.2 to 22.5 mol % MgCO 3 (Mg/Ca 
ratio 0.15-0.29). 

4.2 Magnesium-Temperature Relationship 

L. glaciale exhibits a 10.8 mol % MgCO 3 range which com- 
pares to a local SST fluctuation of 10.6øC. This is in agreement 
with a study of L. glaciale from Norway by Henrich et al. 
[1996], who observe a general 11 mol % Mg variation that cor- 
responds to a SST amplitude of 11øC. Henrich et al. [1996] 
determined Mg values along EDX profiles with a resolution of 
10 measurements along an 800 pm yearly growth interval. We 
therefore infer that a IøC SST increase corresponds to a 1 mol 
% MgCO 3 (0.013 Mg/Ca ratio) increase in L. glaciale. 

In an X-ray analysis study of coralline red algae from the 
Gulf of Maine, Chave and Wheeler [1965] determined only a 5 
mol % MgCO 3 variation, corresponding to a local SST ranging 
from 0 ø to 13øC. However, they 1) used a different red algal 
genus (Clathrornorphurn compacturn) and 2) analyzed the car- 
bonate in 100-200 pm growth intervals, which resulted in a 
poor resolution of only 3-4 samples/yr. In contrast, our meas- 
urements were spaced at 20 pm intervals, therefore yielding 14- 
20 annual sampling points. It is therefore likely that the ap- 
proach used by Chave and Wheeler [1965] did not record the 
full spectrum of the SST amplitude. Moberly [1968] conducted 
microprobe transects in C. compacturn using a 20 pm spacing. 
His specimen was collected from offshore Quebec, Canada, 
where the annual SST ranges between 0 ø and 10. IøC, which is 
similar to the Gulf of Maine SST fluctuation. The algae show a 
10 mol % Mg variation, twice as high as observed by Chave 
and Wheeler [1965]. This confirms the assumption that resolu- 
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Figure 5. Microscale maps of L. crassiusculum showing Mg distribution and a backscattered electron im- 
age at the individual cell level. The Mg scale was inferred from quantitative measurements of the Mg val- 
ues. The open circle indicates the size and an example of an ideal position of the electron microprobe beam 
for conducting quantitative line scans. 

tion was the main factor causing the low Mg amplitude of 
Chave and Wheelers [1965] study. Figure 7 illustrates the tem- 
perature-MgCO 3 relationship for all four coralline red algae for 
which detailed Mg values are available (L. glaciale and L. cras- 
siusculurn from this study, L. glaciale from Henrich et al. 
[1996] and C. compacturn from Moberly [1968]). Because it 
was difficult to precisely assign seasons for Mg values and algal 
growth bands, here we match only the extreme MgCO 3 values 
to the extreme temperatures for a given locality. A near-perfect 

fit can be observed for L. glaciale and C. compacturn, all from 
cold-water environments (ta=0.9907). The covariation of Mg 
and temperature in the cold-water algae can be expressed as 

T= 0.9752 MgCO 3 (mol %) - 7.9051. (1) 

L. crassiusculum from a subtropical regime plots at lower 
MgCO 3 values for the respective temperatures and therefore 
does not fall within the same range recorded in other algae 
studied. The following expression represents the magnesium- 

order c¾c\e 2rid order c¾c\e 

..... !- -i .... o 
T-, --r- = standard deviation, i ' 

0 0.4 0.8 1.2 
distance (ram) 

Figure 6. Three first-order cycles of Mg/Ca ratios in L. glaciale from Newfoundland, Canada, show six 
second-order growth bands each. Standard deviation is 0.78 %. The cycles shown in Figure 6 were obtained 
with quantitative line scan measurements from the growth bands representing the interpreted years 1987- 
1985 (Figure 3b). 
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Figure 7. Extreme MgCO 3 values measured in various red 
algae are plotted against the extreme temperature values for 
the particular site of collection sites (triangles, Lithotham- 
nium crassiusculum, Mexico (this study); crosses, 
Lithothamnium glaciale, Newfoundland (this study); circles, 
Lithothamnium glaciale, Norway [Henrich et al., 1996]; 
diamonds, Clathromorphum compactum, Quebec [Moberly, 
1968]). 

temperature relationship for L. crassiusculum: 
T= 1.15 MgCO3(mol%) + 8.15 (2) 

The slopes of (1) and (2) are similar and therefore confirm the 
temperature relationship of 1 mol % MgCO3/øC variation for all 
analyzed algae. An offset of L. crassiusculum compared to the 
other species investigated possibly points to a vital effect and 
needs to be investigated further. However, the relationship es- 
tablished in Figure 7 encourages future investigations of coral- 
line red algae as paleotemperature indicators. Mg/Ca ratio cy- 
cles and the calculated temperatures for both species studied are 
plotted in Figure 8 together with the isotopic composition and a 
sea surface temperature record. It should be noted that the sea 
surface temperatures were not recorded in situ at the place of 
rhodolith collection. Rather they was derived from National 
Oceanographic Data Center sea surface temperature data sets 
for the respective region. 

4.3 Isotopes 

Oxygen isotopic values from L. crassiusculum collected from 
the Gulf of California range from-2.5 to-4%o (Figure 8). 
Similar to the MgCO 3 cycles, the average width of a b•80 cycle 
ranges from 200 to 400 p.m. However, these cycles display a 
pronounced asymmetry, which apparently reflects rapid growth 
during the spring and summer seasons and a decrease in growth 
during fall and winter. In order to convert the oxygen isotopic 
composition of the rhodoliths to paleotemperature T an Epstein 
et al. [1953] formula, which was modified after Tarutani et al. 
[1969] to account for the Mg content, was applied: 

T= 16.5-4.3 (•5,-A) + 0.14 05,.-A) 2 + 0.06 (B), (3) 

(where •5•. is sample b•80, A is seawater fi•80 (-0.0%o), and B is 
correction factor for algal Mg content (+0.06%o/mol % 
MgCO 3 [Tarutani et al., 1969]. We use the average value of 20 
mol % MgCO 3 for correction factor B. Calculated temperatures 
for L. crassiusculum range from 26 to 36øC (Figure 8), which 
closely reflects the observed 10.6øC annual amplitude of SST at 
the study site. However, the data show a pronounced +6øC 
offset from the local temperature range (19ø-30øC). This may 
be an artifact of the approximated value for b•sO ..... ter and/or, 
more importantly, a rhodolith specific vital effect. 

Oxygen isotope values for L. glaciale range from -3.2 to -0.4 
%0 and the average width of each cycle varies between 250 and 

450 p.m (Figures 3 and 8b). Unlike L. crassiusculum from the 
Gulf of California, individual yearly b•80 cycles do not show a 
pronounced asymmetry, which suggests that vertical growth 
remains constant throughout the spring and fall seasons in New- 
foundland. However, given the symmetry of the cycles, a slow 
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Figure 8. Temperatures were calculated for a 3 year cycle 
(1994-1996) for the measured Mg and stable oxygen isotope 
values of (a) L. crassiusculum and (b) L. glaciale based on 
Figure 7. Both species show a good correlation between 
isotope and element data. This proves that because stable 
isotopic composition is temperature dependent, the Mg lev- 
els in the red algal skeleton are also a function of water tem- 
perature. An offset from isotopic seawater composition can 
be observed in both species. In addition, temperature data 
(see text) is shown for both localities. (c) A regression of the 
correlated maximum and minimum values for each cycle 
from both specimens, further confirming the good correla- 
tion between isotopes and element data. 



22,114 HALFAR ET AL.: GROWTH AND PALEOENVIRONMENT SIGNALS OF RHODOLITHS 

down or cessation of growth during the warmest or coldest sea- 
son cannot be ruled out. Formula (3) was also applied to L. gla- 
ciale (A= -1.8%o (see above); B= 15 mol% MgCO3). A strong 
offset from the measured local SST (-2 ø to 9øC) is apparent as 
is a slightly diminished amplitude (-9øC) of the isotope signal 
compared to the average SST amplitude (11øC) (Figure 8b). 
The decreased amplitude may be a result of any of the follow- 
ing: (1) growth or carbonate precipitation shuts off during the 
cold season or above an extreme summer temperature; (2) 
coarse sampling with the microsampler attenuates the extreme 
highs and lows in the temperature record by mixing; (3) 
•5•sO ..... ter fluctuates throughout the year owing to freshwater 
runoff and snowmelt, which in turn, leads to a systematically 
lower b•sO,• .... ter than measured in open waters of the Labrador 
Sea; and/or (4) as in L. crassiusculum, the pronounced isotopic 
offset is caused by vital effects. 

5. Discussion 

5.1 Rhodolith Growth 

In the present investigation both SEM images and element 
maps of the subarctic and the subtropical species of Lithotham- 
nium show, on the basis of a 38 year record, an average of six 
second-order bands within a 250-450 gm thick first-order cycle, 
whereas FreiwaM and Henrich [1994] and Agegian [1981] 
found 11-13 second order cycles in their studies of L. glaciale 
and Porolithon gardineri. An explanation of these differences 
might be that the latter two studies have examined attached algal 
specimens, whereas our study dealt with unattached coralline 
red algae. The same algal species can occur as an attached or 
non-attached form. Freiwald [1995] describes the lite cycle and 
origin of a rhodolith as being the result of the breakoff of at 

tached growing coralline red algal branches and subsequent 
unattached growth and formation of rhodoliths. Owing to the 
large differences in numbers of subannual growth bands be- 
tween individuals from the same species but from different lo- 
calities it is important to conduct element mapping or use some 
other geochemical method to detect the annual growth cycle. 
Microscopic or SEM analyses, where subannual growth bands 
are simply counted, could lead to significant errors in deter- 
mining the amount of annual growth. 

It is possible that unattached spherical rhodoliths do not se- 
crete carbonate on surfaces facing toward or buried in the sandy 
seafloor because of lack of light available for photosynthesis 
and 

calcification. Therefore, parts of a rhodolith might not grow 
during certain times of the year. However, this hypothesis is in 
contrast to studies by Goreau [1963], who determined that 
shading of coralline red algae caused a marked fall in the rates 
of photosynthesis, but that no significant change in the rate of 
calcification was observed. Freiwald and Henrich [1994] stress 
the potential of carbon fixation during periods of light and utili- 
zation of stored carbon for calcification during darkness. In 
fact, some species show optimum marginal growth rates at very 
low light intensities [Adey and McKibbin, 1970], and reduced 
growth during high light intensities. 

Another explanation for the reduced number of growth bands 
in rhodoliths compared to attached living algae is the fact that 
they are episodically turned over on the seafloor, which makes 
them more prone to physical damage by abrasion (Figure 3), 
and possibly even breakoff, which would significantly affect the 
signal. It is also possible that variations of seasonal environ- 
mental factors in the water column (nutrients, upwelling events, 

etc.) influence the growth of the rhodoliths in the present study 
areas but not in the environments studied by FreiwaM and Hen- 
rich [1994] or Agegian [1991]. 

5.2. Oxygen Isotopes 

Milliman [1974] and Rahimpour-Bonab et al. [1997] investi- 
gated the oxygen isotopic composition of various red algae. As- 
sembling data from a variety of tropical coralline red algal gen- 
era, Milliman [1974] found an average oxygen isotopic compo- 
sition of-4 to -6 %0 5180, similar to that of hermatypic corals. 
Rahimpour-Bonab et al. [1997] determined the oxygen isotopic 
composition of red algae from cool-water environments and 
found that 15•80 values are close to the isotopic equilibrium 
field, making them suitable paleotemperature indicators. How- 
ever, our isotopic data from the subarctic red algae clearly 
demonstrate a negative offset from isotopic equilibrium that is, 
depending on the actual b•80 ..... ter value, maybe even more pro- 
nounced than the offset of the studied subtropical specimen. 
Isotopic data from both L. glaciale and L. crassiusculum fall 
into an intermediate position between the values determined by 
Milliman [1974] and Rahimpour-Bonab et al. [1997]. We there- 
fore suggest that the offset from isotopic equilibrium is either 
random or species- or genera-dependent but not controlled by 
the character of the tropical or nontropical environment. Con- 
tinued studies and comparisons of the isotopic composition of a 
variety of red algal species from a range of environments will 
be necessary to determine the factors influencing the offset from 
isotopic equilibrium. If the offset within a given species proves 
to be constant, certain coralline red algal species might, in fact, 
be useful stable oxygen isotopic archives. 

5.3. Comparison of Oxygen and Mg 

Moberly [1968] questioned the direct relationship between 
Mg content and temperature in coralline red algae previously 
suggested by Chave [1954] and Chave and Wheeler [1965]. In- 
stead, he found that magnesium content is primarily related to 
algal growth, which in turn, is a function of water temperature, 
light, and physiological cycles. Recent studies of calcareous ma- 
rine organisms [e.g., Lea et al., 1998; Mitsuguchi et al., 1997; 
Klein et al., 1996] have demonstrated that Mg content is a di- 
rect function of water temperature and a valuable paleoenvi- 
tonmental proxy. The data presented in Figure 8 support the use 
of magnesium as a paleothermometer for coralline red algae be- 
cause magnesium and oxygen isotopic data are well correlated 
in both species studied (Figure 8c) and oxygen isotopic compo- 
sition of calcareous organisms is generally directly correlated to 
temperature. However, owing to the uncertainties surrounding 
isotopic composition of seawater at the study sites and a likely 
vital effect the temperatures calculated from both methods are 
offset. In addition, no detailed in situ temperature data were 
available for this study, and instrumental record and satellite de- 
rived sea surface temperature data (Figures 8a and 8b) will not 
record temperature fluctuations at the actual nearshore rhodolith 
collection sites. Nevertheless, the correlation between the oxy- 
gen isotopic and the Mg/Ca data sets points to the usefulness of 
coralline red algae in paleoenvironmental studies. Owing to un- 
certainties associated with the changing habitat of the unattached 
rhodoliths during their life cycles and the potential of physical 
damage to the rhodoliths due to turning on the seafloor we sug- 
gest that future paleoenvironmental studies should be under- 
taken on attached living coralline algae. In addition, in situ 
measurements of seawater properties need to be undertaken in 
order to calibrate the observed coralline red algal isotopic and 
elemental signals. 
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6. Conclusions 

Biogenic paleoenvironmental archives have been commonly 
used for high-resolution reconstructions of tropical ocean tem- 
peratures and circulation patterns. However, important circula- 
tion systems exist in nontropical regions, and their short-term 
response is not well known. If biogenic archives were available 
for those environments, many unresolved questions regarding 
higher-latitude temperature trends could be answered. In search 
for a biogenic paleoenvironmental archive of nontropical seas, 
we have explored the potential of coralline red algae in the form 
of rhodoliths through analysis of species from Newfoundland, 
Canada (Lithothamnium glaciale), and the Gulf of California, 
Mexico (Lithothamnium crassiusculum). Coralline red algae are 
potentially useful archives because of their worldwide distribu- 
tion, their longevity and well-developed growth bands. On the 
basis of our analysis we conclude the following. 

1.) Microprobe element mapping provides a rapid approach 
to determine rhodolith growth rates and subannual growth 
bands. 

2.) We can distinguish two orders of cyclicity within rhodo- 
lith growth bands; commonly four to eight second-order bands 
with widths of 50-100 gm are contained within first-order 
growth bands displaying widths of 250-450 gm. 

3.) Magnesium cycles (7.7-18.5 MgCO 3 in L. glaciale and 
13.2-22.4 MgCO 3 in L. crassiusculum) correlate well with the 
oxygen isotope signal (-3.2 to -0.3%0 15•80 in L. glaciale and - 
2.4 to-4.6%o 15•80 in L. crassiusculum), confirming the tem- 

perature dependence of magnesium in coralline red algal skele- 
tons. 

4.) There is a pronounced offset of 15•80 from isotopic sea- 
water composition in both species of algae studied which might 
be caused in part by unknown 15•aO ..... ter values but which we 
think can be largely attributed to vital effects. 

5.) Future studies of coralline red algae should be under- 
taken on attached rather than free living forms, and they should 
take place under closely monitored conditions in order to cali- 
brate the record of the algal skeleton growth with oceanographic 
parameters. 
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